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Abstract

Spectrophotometric titrations for a full series of 4-aminophenyl/4-pyridyl
meso-substituted porphyrins were carried out using methanesulfonic acid in DMSO to
study the hyperporphyrin effect across different substitution patterns. The series
included zero, one, two (cis and trans), three, and four meso(4-aminophenyl) groups,
with the remaining meso substituents being 4-pyridyl groups. The peripheral pyridyl
groups consistently protonate before the interior porphyrin pyrrole nitrogens, which
protonate before the aminophenyl groups. Aminophenyl substituents increase the
basicity of the pyrrole nitrogens and lead to distinctive hyperporphyrin spectra with a
broad Soret band and a strong red absorption. The structure proposed to give rise to
these spectra is the previously proposed charge-transfer interaction between the
aminophenyl and the protonated pyrrole. A novel hyperporphyrin structure involving
charge-transfer interactions between two peripheral substituents is also proposed in one
case - the triply protonated (+3) porphyrin with three aminophenyl and one pyridyl
substituents; two of the aminophenyl groups delocalize the charges on the interior
nitrogens while the third aminophenyl group delocalizes with the protonated pyridyl.
The NMR titrations for a full series of 4-aminophenyl/4-pyridyl meso-substituted
porphyrins were also performed by methanesulfonic acid in DMSO. Zero, one, two
(cis), three, and four meso(4-aminophenyl) groups, with the remaining meso
substituents being 4-pyridyl groups are the primary compounds studied here. The

i

inductive effect of the meso-substituents and the π system of the macrocycle both
determine the hyperporphyrin spectra, in which inductive effect has stronger influence
on cis-A2Py2P and APy3P. TAPP and A3PyP both show slow exchanges from free
base to hyperporphyrin, indicating these hyperporphyrin structures are stable. Both
1H-NMR and 2D NOESY spectra further validate the existence of the novel D-type
hyperporphyrin from A3PyPH3+3.
Electrochemical studies of these hyperporphyrins were also performed. The
porphyrins involved here are zero, two (cis & trans), three, and four
meso(4-aminophenyl) groups, with the remaining meso substituents being 4-pyridyl
groups. The acid titrations were done in DMSO using methanesulfonic acid. Both
TAPP and A3PyP can be extensively reduced with up to five distinct reduction waves.
The hyperporphyrin from A3PyP, unlike that from TAPP, shows stable structures
during the reduction, and A3PyPH3+3 was proposed to have the ability to reduce
protons into hydrogen in a catalytic cycle.

ii
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Chapter 1. Introduction

1.1 Overview of regular porphyrins
Porphyrins, some derivatives of which are known as hemes 1-2 and chlorophylls 3-4,
play important roles in nature. The basic structure of a porphyrin is a macrocycle that
consists of four pyrrolic units connected by four methane bridges (Fig. 1). Porphyrins
bearing different functional groups on the meso and β positions are of synthetic
interest for applications in many fields. 5

Figure 1. The structure of porphyrin macrocycle (Positions 1, 2, 3 are meso, alpha,
beta positions).

The UV-Visible spectra of porphyrins are well-described by Gouterman’s
four-orbital model (Fig. 2), which states that π-π* transitions from two nearly
degenerate HOMOs [a1u(π) and a2u(π)] to LUMOs [eg(π*)] generate porphyrins’ one
1

large near-UV Soret band and several less intense absorptions in the visible-light
region, usually four Q bands.

6

Meanwhile, the electrochemistry of porphyrins

characterizes the redox potentials of porphyrins which approximately describe the
positions of the a2u(π) and eg(π*) energy levels. 7

Vibrational Level
eg (LUMO)

a2u (HOMO)
a1u (HOMO-1)
Soret

Q (0,0)
Q (0,1)

Figure 2. Illustration of Gouterman’s four-orbital model.

Upon addition of different amount of acids, porphyrins exhibit quite different UV
spectra and redox potentials. The porphyrin macrocycles allow for gain of two protons
on the inner nitrogens to form a dication, which lead to an increase in symmetry of the
inner porphyrin rings. Gouterman’s four-orbital rules explain this phenomena as the
inner ring converting from D2h to D4h symmetry, resulting in only two absorptions of
Q(0,0) and Q(1,0).

8-9

Meanwhile, peripheral substituents have an influence on the
2

acid-titration properties of porphyrins. The free-base porphyrin macrocycles can be
described as a planar aromatic system. The peripheral meso substituents, however,
usually twist significantly from the plane of the porphyrins, due to steric effects around
the periphery, particularly the interaction of meso subsitituents with β pyrrole
hydrogens. 10 The protonation of porphyrin forces the four N-H bonds of the interior of
the ring to tilt either above or below the mean porphyrin plane, thus allowing the
peripheral substituents to become more coplanar with the porphyrin plane. Meanwhile,
the greater coplanarity of the peripheral substituents leads to an increase in resonance
between the substituents and the porphyrin ring, along with the red-shifting of the Soret
band.

11-12

Furthermore, the protonation of porphyrins leads to a change of electron

distribution, such that the positions of a2u(π) and eg(π*) and redox potentials are
different.
The studies of porphyrin mostly focus on its optoelectronic properties, based on
which many applications have been developed, including solar energy conversion via
photovoltaics

13-15

or photocatalysis,

16

photodynamic therapy,

17-19

light-emitting

diodes, 20-22 and optical sensors. 23-25 Higher efficiency based on such applications can
be achieved via adjustment of substituents and/or metal complexation. One particular
case for such purpose is the design of hyperporphyrins, which could extend the usual
absorption spectrum into the red and near-infrared region.

3

1.2 Definition of hyperporphyrins

The hyperporphyrin effect was first discovered in studying cytochrome 450

26-29

and has been explored for decades. The effect arises in porphyrins that can enable
charge transfer within the macrocycle. Charge transfer happens either between some
metal centers and porphyrin rings

30

or between some appropriate substituents on the

meso position and the pyrrolic nitrogens.

12, 31-34

In the latter case, sometimes the

formation of hyperporphyrin results in the replacement of the porphyrin aromatic
structure replaced by a quinonoid structure (Fig. 3). Unlike regular porphyrins which
have one large near-UV absorption and several less intense absorptions in the
visible-light region, hyperporphyrins show extra absorption bands (ε > 1000 M-1cm-1)
in the region λ > 320 nm. 6

Figure 3. The structure of a quinonoid type hyperporphyrin from doubly-protonated
TAPP.

4

1.3 Types of hyperporphyrins

Until

now

two

types

of

hyperporphyrins

have

been

extensively

studied---metal-based hyperporphyrins and acid/base induced hyperporphyrins. In
metal-based hyperporphyrins, two more subclasses can be further categorized (d-type
and p-type). In d-type hyperporphyrins,

35-36

transition metals with partially filled d

orbitals are present and the charge transfer transitions follow the manner of a1u(π),
a2u(π) (porphyrin)


→

eg(dπ) (metal). Metals that can show hyperporphyrin effect

include Fe (Ⅲ), Mn (Ⅲ), Cr (Ⅲ), Mo (Ⅴ), and W(Ⅴ), which have the common features
of empty eg(dπ) and low oxidation states. Estimations of the energy of these transitions
were achieved by using iterative extended Hückel calculations, and metal porphyrins
including Sc (Ⅲ), Ti (Ⅲ), V (Ⅲ), Cr (Ⅲ), Mn (Ⅲ), and Fe (Ⅲ) were systematically
calculated and compared. 37 The metals in p-type metallo-hyperporphyrins come from
main group metals and charge transfers (a2u(npz)

(metal)


→

eg(π*) (porphyrin))

that are different from d-type hyperporphyrins. Main-group metals in lower oxidation
states, such as arsenic(III), antimony(III), and bismuth(III) porphyrins, are found to
exhibit p-type hyperporphyrins. 38-39
Other

than

metal-based

hyperporphyrin,

porphyrins

bearing

appropriate

substituents and are subject to acidic or basic environments can also produce
hyperporphyrin effects. While metal-based hyperporphyrins derive from interactions
between metal and porphyrin rings, acid/base induced hyperporphyrins originate from
the interaction of functional groups on the meso position with the porphyrin ring.
Among them, porphyrins with hydroxyl groups were the first to be studied in both
5

acidic and basic environments. De Luca et al.

40

titrated both methoxy and hydroxy

porphyrins with acid in which they noticed while methoxy porphyrins produced
monomeric diacid derivatives like TPP, the porphyrins with hydroxy groups showed
characteristic hyperporphyrin absorptions. The effect was believed to be caused by
aggregation, and modulation of the optical properties by the nature of counteranion
was also proposed. Meanwhile, the hyperporphyrin effect from hydroxy porphyrins in
basic environment was also investigated.

41-43

The phenomenon was explained as

deprotonation of hydroxy groups, raising the energy level of π orbitals of the
phenoxide anion more than that of the core ring. Therefore, a different HOMO was
created from phenoxide π orbitals and a charge-transfer (π(phenoxide anion)→
π*(porphyrin)) occurs at lower energy. This theory was further validated by the
Resonance Raman and FTIR data showing that there is barely any perturbance on the
macrocycles and charges are mainly localized on the substituents.

1.4 Hyperporphyrins based on amino substituents

The most well studied acid-induced hyperporphyrins are on the basis of porphyrins
with aminophenyl (or dimethylaminophenyl) functional groups. The first research that
shed light on this type of hyperporphyrin was conducted by Ojadi, et al.

44

In their

work, trifluoroacetic acid was used to protonate meso-tetraphenylporphyrin
derivatives with one, two, or four p-dimethylamino groups. A broad absorption in the
visible region was observed during the course of the titration. As the numbers of free
6

amino groups increased, stronger and stronger such absorptions were seen, along with
the splitting of the Soret band. The NMR study of these compounds

45

was followed

to investigate these particular hyperporphyrins from the structure prospective. The
study showed that the addition of trifluoroacetic acid to the porphyrins caused the
internal N-H chemically shifted by 3-4 ppm, from -2.6 to -2.8 ppm to +1.3 to +0.4
ppm. Continually adding acid brought the N-H back to free-base porphyrin position.
Hβ from the pyrrole was also found to move upfield initially at the PH2 to PH42+ stage,
and then moved downfield. The aromatic protons kept moving downfield and
broadened when the solvent became TFA dominated. These changes were attributed to
the loss of the ring current, which could arise from the geometric distortion of the
porphyrins. Inspired by the above studies, Wamser group did research on the
hyperporphyrin effect of aminophenyl porphyrins.

32, 34

In their work,

32

a set of

amino/carbomethoxyphenyl porphyrins were titrated with methanesulfonic acid.
Evidence for a novel monoprotonated porphyrin was observed. The extent of the
hyperporphyrin effect was also found to correspond to the number of aminophenyl
groups, with cis stronger than trans.
In considering different spectroscopies obtained from the titrations of porphyrins
with different numbers of aminophenyl groups, hyperporphyrins have been
categorized into three types (Fig. 4). 32, 44 A and A’ type hyperporphyrins are typically
regular porphyrins (both neutral and fully protonated) in which the porphyrin
aromatic ring system is not affected by metals or meso substituents. They obey the
Gouterman’s four orbital rule. A and A’ exhibit D4h and D2h porphyrin core symmetry
7

respectively. While A type hyperporphyrins can be observed in the fully protonated
porphyrins, A’ type hyperporphyrins are observed in only free base porphyrins. B type
hyperporphyrin is observed with porphyrins bearing only one amino group or two
amino groups in trans alignment and when the two central nitrogens are protonated.
The delocalization of the positive charge on one of the protonated nitrogens to an
amino substituent leads to the resonance structure of hyperporphyrin B with one
quinoid resonance form. C type hyperporphyrins are observed with two aminos in cis
alignment or three amino substituents. Like B type, the two central nitrogens still need
to be protonated, but in this case the delocalization can occur with two different
amino substituents. B and C type hyperporphyrins can be distinguished via absorption
spectroscopy. The characteristic absorption spectra for type B hyperporphyrin include
a far red band at 700-730 nm and a broad flat absorption at 500-525. In type C
hyperporphyrins, these bands are stronger and red shifted; the red band occurs at
720-780 nm and the flat absorption occurs at 520-560 nm. The Soret band also splits
in type C hyperporphyrin. Type B and type C hyperporphyrins also have different
numbers (1 and 2) of resonance structures, which are used to explain the different
intensities of the hyperporphyrin band absorptions.

8
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Figure 4. The structure of different types of hyperporphyrins. 32

Gouterman

8

calculated the orbitals of different protonation stages of porphyrins

and explained how hyperporphyrin forms. By using semiempirical AM1 calculations
to determine molecular structure and semiempirical INDO/CI calculations to simulate
the spectra, Gouterman concluded that the hyperporphyrin bands are attributed to
transitions from π orbital on the aminophenyl rings as HOMO or HOMO-1 (Fig. 5) to
LUMO of the porphyrin ring. The possibility of changes in the planarity of the ring
9

leading to hyperporphyrin was also ruled out.

Figure 5. Calculated orbitals (HOMO-1, HOMO, LUMO, LUMO+1) for
TPP(NH2)4H2+2. 8

1.5 Electrochemistry of porphyrins
The electrochemical studies of porphyrins mainly focus on potentiometry. 46-48 The
potentials of porphyrins’ different redox states can be used to gain the knowledge of
10

the correlation of structure-reactivity. Free-base porphyrins were the primary targets
of the early studies, 49-50 and due to insolubility in aqueous solutions, these porphyrins
were generally investigated in non-aqueous solvents. The reduction and oxidation of
free-base porphyrins both go through two one-electron steps.

51

While reduction

generates a π-radical anion and then a dianion, oxidation yields a π-radical cation and
then a dication. The study of metalloporphyrins 52 also indicated the constancy of the
potential difference in different reduction steps. This difference (0.42 ± 0.05 V) was
irrelevant to the metal center, leading to the conclusion that the π system of the
porphyrin was involved. This postulation was further validated by the Kadish group,
53

in whose work the metalloporphyrin was found to have a constant 1st oxidation and

1st reduction difference of 2.25 ± 0.15 V, which is in good agreement with the
HOMO-LUMO difference of 2.18 eV.
Protonation effects on the electrochemistry studies of porphyrins were also
investigated. Zakavi et al. 7 reported that the protonation of H2TPP shifts the first and
second oxidation potentials more positively. Yet the author became aware of a smaller
shift of the second oxidation potential (△E2) over the first oxidation potential (△E1). In
order to explain the positive shift of the potential, both the conformation change of the
porphyrin and electron distribution were taken into account. X-ray crystallographic
studies revealed that diprotonation of TPP leads to a more coplanar structure of
meso-aryl groups with the mean plane of the porphyrin. The consequence of the
change is the enhancement of the resonance interactions between the π system and the
core which destabilize the a2u orbital. In addition, the redistribution of electron
11

densities on the pyrrolic nitrogens upon protonation is expected to generate a positive
shift. Addition of electron-donating meso-substituents were observed to enhance the
positive shift, which can be explained as a higher basicity of the core, originating
from electron-donating groups enhancing the electron density. Comparatively, the
reduction shifts were found to be 4-6 times greater than oxidation shifts, indicating
significantly stabilized eg orbitals. Reduction also caused richer electron densities
which affects a2u.
Fang et al.

54

also conducted the electrochemical studies of protonated porphyrins

by trifluoroacetic acid titrations of porphyrins. The shift of the reduction potentials
were observed to be more positive. Three types of electron-transfer were proposed
(Scheme 1). The first mechanism occurs with planar porphyrins without protonation,
where a stable π-anion radical can be formed after one-electron addition. The second
mechanism was described as the nonplanar porphyrins being reduced into
unprotonated porphyrins, either [H(P)]- or [(P)]2-. The third type of the
electron-transfer involved fully protonated porphyrins, in which two-electron
reduction turned the porphyrins into H2(P).

12

Scheme 1. Proposed reduction mechanisms of neutral and diprotonated porphyrins in
CH2Cl2. 54

1.6 Pyridyl-catalyzed photoreduction

Nowadays, the energy supply mainly comes from fossil fuels. With the increase of
the global population, the annual energy consumption will reach 20 TW by 2030,

55

which makes solely relying on fossil fuels unrealistic. More importantly, the usage of
fossil fuels has the downsides of pollution problems and CO2 emissions. Therefore,
seeking alternative energy sources is very urgent. One solution for this problem is to
utilize sunlight, and it can be achieved by either water splitting to make hydrogen or
CO2 photoreduction to make methanol, both of which can be catalyzed by pyridine.
In hydrogen evolution, metals coordinated to pyridine often function as catalysts.
One example of such a compound is [Co(TPY-OH)(OH2)]2+ (TPY-OH =
2-bis(2-pyridyl)(hydroxy)methyl-6-pyridylpyridine),

56

a polypyridyl-based cobalt

complex used as water reduction catalyst (WRC). Once receiving one electron from
the photosensitizer, CoⅡ was reduced to CoⅠ, which was then protonated to form CoⅢH.
The excess CoⅠ can reduce CoⅢH into CoⅡH, and hydrogen can be released from
CoⅡH with another proton. Li et al.

57

also electrochemically grafted pyridine onto a
13

silicon surface and applied the material for hydrogen evolution. The overpotential of
the evolution was found to be 400 mV less than for H-terminated silicon surface. The
possible explanation for this reduced overpotential is the reduction of the immobilized
pyridinium to pyridyl radical, where the reduced radicals can generate hydrogen.
CO2 photoreduction using pyridinium as the catalyst was first reported by Bocarsly
group.

58-61

In their work, p-GaP was adopted as the photosensitizer in aqueous

solution of pH 5.2. The results showed that this system has achieved nearly 100%
Faradaic efficiency and more than 300 mV underpotential in reducing CO2 to MeOH.
To elucidate the mechanism of the catalysis of pyridinium, several assumptions were
proposed and examined by experimental and theoretical methods in another paper
(scheme 2). 62 In this paper, the charge transfer of pyridinium was first investigated by
experimental and simulated cyclic voltammetry, with the reduction potential of
pyridinium to pyridinyl determined as -0.58 V. Two possible routes for initial CO2
reduction were also proposed – outer-sphere mechanism (Eq. 1.1) and inner-sphere
mechanism (Eq. 1.2 & 1.3). To examine which route is more favorable, different N-C
bond types were predicted and calculated using Gaussian 03, along with plotting the
correlation between the rate constant of electron transfer from the pyridinyl to CO2
and the standard free energy of outer-sphere mechanism. All the results tended to
show that the inner-sphere reaction is energy favorable. Yet another route of
pyridinium reacting with CO2 which produced a carbamic zwitterion was brought up
and verified to be present in a small quantity using a series of experimental and
theoretical studies, as described in Eq. 1.4 and 1.5. Formic acid is then produced by
14

Eq. 1.6, which was supported by calculations of energies and orbital symmetries of
the π* HOMOs of pyridinium radical-CO2 adduct and pyridinium radical.

Scheme 2. Possible routes for CO2 reduction catalyzed by pyridine. 62
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In the reduction of formic acid to formaldehyde, it was noticed that at pH 5.3,
formic acid mostly exists as formate anion, which was found to be inert in
electrochemical reduction. However, in pH 4.75, both formic acid and pyridine
resulted in the production of methanol, while only formic acid present under the same
pH led to no product. Thus, an acidic pH gradient near the electrode surface was
proposed. Eq. 1.7 and 1.8 was validated by the experimental and simulated cyclic
voltammagram. Furthermore, formyl radical was reported to poison Pt electrode, but
there was no Pt poisoning upon the addition of pyridine. This also indicates the
interaction of formyl radical with pyridinyl. Gaussian calculations clarified the π
fashion overlapping between the HOMO of the pyridine-formyl radical and the
HOMO of the pyridinyl to facilitate charge transfer implying that Eq. 1.6 is valid.
In the reduction of formaldehyde to methanol, the comparison of experimental and
simulated cyclic voltammagram validated Eq. 1.9. Gaussian calculations revealing
that carbon of formaldehyde had a hybridization change from sp2 to sp3 also fortified
the theory. Gaussian caculations also showed that Eq. 1.10 is valid.
The overall mechanisms were investigated by several research groups using
theoretical calculations. Keith et al 63 argued that instead of being -0.58 V reported by
Bocarsly et al., their calculated reduction potential of pyridinium to pyridinyl was
-1.47 V vs SCE, which was further validated by Lim

64

and Tossell

65.

Therefore,

Ertem et al. 66 suggested hydride should come from the cathode electrode surface. The
authors proposed the mechanism in Scheme 3 and calculated the overall free-energy
change by PBE level of theory in the Quantum ESPRESSO software package. The
16

result showed the three steps give a total free energy of E0 = -0.72 V versus SCE, in
good agreement with the reduction potential in Bocarsly cell.
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Scheme 3. Proposed Mechanism of Reduction of CO2 on Pt (111). 66

Lim et al.

64

interpreted the mechanism by employing H2O as proton relay. The

authors first rationalized the low reduction potential of pyridinium to pyridinyl by
mentioning that platinum is a low overpotential electrode. As to the rate-limiting step
- the formation of PyCOOH0, Bocarsly group reported the step with an effective
activation barrier of 16.5 ± 2.4 kcal/mol. However, in this paper the calculations
predicted the barrier as 45.7 kcal/mol, lying signicantly higher. Therefore, the authors
suggested the process was mediated by water. Through calculations, they noticed the
activation barrier of the formation of PyCOOH0 decreased to 18.5 kcal/mol with three
water molecules as proton relay (as shown in Fig. 6), very close to the value reported
by the literature. The activation barrier of 16.5 kcal/mol can be reached upon adding
three additional solvating water molecules.
17

Figure 6. Transition-state structure for the formation of PyCOOH0 via 3 H2O
molecules. 64

Although the mechanism is still under study, the efforts of improving the catalysis
system are made by more and more groups. Most recently, a different semiconductor
CdTe

67

was investigated with the catalysis system. The photocurrent generated from

irradiating CdTe increases the cathodic potential high enough to reduce CO2. The
overall Faradaic efficiency was reported to increase 30% compared to without
pyridine, with formic acid as the major reduced product. Both hydrogen evolution and
CO2 reduction were also integrated into one cell.

68

On the CO2 side, a pyridine

derivative, 2-picoline, was used as catalyst while on the hydrogen evolution side,
CoOX, a recently discovered popular catalyst was used. A voltage under 3 V was
maintained and formate was produced.
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1.7 Statement of the research

The primary purpose of this dissertation work is to investigate the hyperporphyrin
effect of protonated aminophenyl/pyridyl functionalized porphyrins. Several studies
have been conducted on hyperporphyrins arising from acidified aminophenyl
porphyrins. However, the influence of coexisting functional groups is rarely studied.
This

dissertation

provides

comprehensive

studies

on

one

representitive

electron-withdrawing functional group (pyridyl) in the hope of helping understanding
the influence.
Protonations of aminophenyl/pyridyl porphyrins (Fig. 7) produce hyperporphyrins
which are different from the classic ones. Pyridinium from protonation of pyridine
here is very electron-withdrawing. An outstanding hyperporphyrin absorption via
spectroscopy is noticed from triaminophenyl monopyridyl porphyrin. A new type of
hyperporphyrin is proposed based on it.
Hyperporphyrins based on aminophenyl/pyridyl porphyrins are further investigated
via NMR spectrometry. Methanesulfonic acid is slowly titrated and each titration is
measured by NMR to gain insight on how each proton attacks the porphyrin and how
the structures of porphyrins change. A thin-layer cell is used to monitor each titration
spectroscopically.
In order to understand how the formation of hyperporphyrins affect the energy level
of porphyrins, protonated aminophenyl/pyridyl porphyrins are studied via cyclic
voltammetry. Only the reduction side is covered in these studies and a possible
hydrogen evolution is proposed here.
19

Figure 7. The structures of aminophenyl/pyridyl porphyrins.
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Chapter 2. Experimental

2.1 Overview

This chapter is composed of four sections of experiments. The first section
describes the syntheses of the various porphyrins studied, many of which are new
compounds. The second section describes the UV-vis spectroscopy studies of
protonated aminophenyl/pyridyl porphyrins. The third section focuses on the NMR
structural characterization of different hyperporphyrins derived from protonated
aminophenyl/pyridyl porphyrins. The fourth section investigates the energy levels of
these hyperporphyrins based on cyclic voltammetry.
Materials.

Solvents and reagents were the highest grade commercially available

and used as received.

DMSO (spectrophotometric grade) was from Sigma-Aldrich.

Methanesulfonic acid (MSA) (99% extra pure) and 4-pyridinecarboxaldehyde were
from Acros Organics. TPyP and TMePyP+4 were from Strem Chemicals. Zinc acetate
was Baker and Adams reagent grade. Dimethyl sulfoxide-D6 (with 0.03% TMS) and
NMR tubes were purchased from Aldrich and Wilmad LabGlass respectively.
Tetrabutylammonium perchlorate was purchased from Fluka. All of the electrodes
(glassy carbon, platinum wire, Ag/AgCl) were homemade.

2.2 Syntheses of porphyrins

Preparation of ZnTPyP.

Zn(OAc)2 (250 mg, 1.14 mmol) in MeOH (2 mL) was
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added to a solution of TPyP (100 mg, 162 µmol) in 50 mL CHCl3. The solution was
heated to 75 ºC for 1 h. ZnTPyP was purified by silica gel column chromatography
eluted by CHCl3 with 10% MeOH.
ZnTPyP.

1H

NMR (400 MHz; DMSO-D; Me4Si; δH, ppm) 8.21 (8H, d, Py-H), 8.82

(8H, s, pyrrole-H), 9.03 (8H, d, Py-H).
Preparation of PhXPyyP.

Pyrrole (1.26 g, 18.7 mmol), benzaldehyde (1.04 g, 9.8

mmol), and 4-pyridinecarboxaldehyde (1.14 g, 10.6 mmol) were dissolved in 100 mL
propionic acid.

After the solution was heated to reflux for 1 h, the majority of the

propionic acid was removed by vacuum distillation at 150ºC.

The remaining

solution was neutralized using aqueous NaOH, and the porphyrin was extracted with
chloroform.

Separation of the porphyrin solution to isolate Ph3PyP, Ph2Py2P (trans

and cis), and PhPy3P was achieved via column chromatography (silica gel 230-400
mesh) eluting with CHCl3 and MeOH (2.5%-5%) and 1% acetic acid.

The four

components were collected in the second, third, fourth, and fifth red bands,
respectively.
5, 10-Di(4-phenyl)-15, 20-di(4-pyridyl)porphyrin (cis-Ph2Py2P),

UV-vis

(DMSO): λmax, nm (ε*103) 417 (261), 514 (10), 547 (4), 588 (4). 1H NMR (400 MHz;
CDCl3; Me4Si; δH, ppm) -2.87 (2H, s, pyrrole-NH), 7.71 (6H, dd, Ph-H), 8.09 (4H, d,
Py-H), 8.15 (4H, dd, Ph-H), 8.69-8.88 (8H, br, pyrrole-H), 8.97 (4H, d, Py-H).
5, 15-Di(4-phenyl)-10, 20-di(4-pyridyl)porphyrin (trans-Ph2Py2P),

UV-vis

(DMSO): λmax, nm (ε*103) 419 (183), 515 (10), 550 (5), 590 (4), 644 (3). 1H NMR
(400 MHz; CDCl3; Me4Si; δH, ppm) -2.91 (2H, s, pyrrole-NH), 7.71 (6H, dd, Ph-H),
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8.10 (4H, d, Py-H), 8.13 (4H, dd, Ph-H), 8.68-8.87 (8H, br, pyrrole-H), 8.96 (4H, d,
Py-H).
Preparation of CMXPyyP.

Both 4-carbomethoxybenzaldehyde (1.64 g, 11.1 mmol)

and 4-pyridinecarboxaldehyde (3.30 g, 30.8 mmol) were dissolved in 62.5 mL
propionic acid.

The solution was heated to reflux and pyrrole (2.80 g, 41.8 mmol)

was slowly added.

After heating for 1 h and cooling to room temperature, the

workup steps here was adopted from the workup procedures in the synthesis of
ZnTPyP.

The solution was run through column chromatography (silica gel 230-400

mesh) eluting with CHCl3 and ethyl acetate (20%-100%) and 1% triethylamine to
yield CM3PyP, CM2Py2P (trans and cis), and CMPy3P (where CM represents the
4-carbomethoxyphenyl substituents).
5, 10, 15-Tri(4-carbomethoxyphenyl)-20-(4-pyridyl)porphyrin (CM3PyP).
CM3PyP (0.3378 g, 2% of the theoretical yield) was eluted with (4:1) CH2Cl2:ethyl
acetate (0.1% Et3N) from a silica column. 1H NMR (400 MHz; CDCl3; Me4Si; δH,
ppm) -2.84 (2H, s, pyrrole-NH), 4.13 (9H, s, -CO2CH3), 8.16 (2H, d, Py-H), 8.29 (6H,
d, Ph-carbomethoxy), 8.45 (6H, d, Ph-carbomethoxy), 8.78-8.88 (8H, br, pyrrole-H),
9.03 (2H, d, Py-H). MS: m/z 790.26758 ([M+H]+ calcd. 790.26601).
5, 10-Di(4-carbomethoxyphenyl)-15, 20-di(4-pyridyl)porphyrin (cis-CM2Py2P).
CM3PyP (0.0534 g, 0.3% of the theoretical yield) was eluted with (4:1) CH2Cl2:ethyl
acetate (0.1% Et3N) from a silica column. 1H NMR (400 MHz; CDCl3; Me4Si; δH,
ppm) -2.87 (2H, s, pyrrole-NH), 4.12 (6H, s, -CO2CH3), 8.17 (4H, d, Py-H), 8.29 (4H,
d, Ph-carbomethoxy), 8.46 (4H, d, Ph-carbomethoxy), 8.80-8.89 (8H, d, pyrrole-H),
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9.06 (2H, d, Py-H). MS: m/z 733.25723 ([M+H]+ calcd. 790.25578).
5, 15-Di-(4-carbomethoxyphenyl)-10, 20-di(4-pyridyl)porphyrin (trans-CM2Py2P).
CM3PyP (0.0516 g, 0.3% of the theoretical yield) was eluted with (4:1) CH2Cl2:ethyl
acetate (0.1% Et3N) from a silica column. 1H NMR (400 MHz; CDCl3; Me4Si; δH,
ppm) -2.87 (2H, s, pyrrole-NH), 4.13 (6H, s, -CO2CH3), 8.16 (4H, d, Py-H), 8.29 (4H,
d, Ph-carbomethoxy), 8.46 (4H, d, Ph-carbomethoxy), 8.77-8.93 (8H, m, pyrrole-H),
9.05 (4H, d, Py-H).
5-(4-carbomethoxyphenyl)-10, 15, 20-tri(4-pyridyl)porphyrin (CMPy3P).
CM3PyP (0.0235 g, 0.1% of the theoretical yield) was eluted with (4:1) CH2Cl2:ethyl
acetate (0.1% Et3N) from a silica column. 1H NMR (400 MHz; CDCl3; Me4Si; δH,
ppm) -2.89 (2H, s, pyrrole-NH), 4.12 (3H, s, -CO2CH3), 8.17 (6H, d, Py-H), 8.30 (2H,
d, Ph-carbomethoxy), 8.47 (2H, d, Ph-carbomethoxy), 8.81-8.92 (8H, br, pyrrole-H),
9.06 (6H, d, Py-H). MS: m/z 676.24712 ([M+H]+ calcd. 676.24555).
Preparation of AXPyyP.

A Lossen rearrangement was run on each of these

individually isolated porphyrins to prepare the corresponding pyridyl aminophenyl
porphyrins (AxPyyP).69

Each individual CMxPyyP derivative and 8 equivalents of

NH2OH•HCl were warmed to 100 °C in polyphosphoric acid and the solution was
slowly heated to 160 °C over 3 h.

Upon cooling to room temperature, aqueous

NaOH was slowly added to neutralize the solution, and the porphyrin was extracted
with chloroform.

Column chromatography was then used to remove any residual

starting material by eluting with CHCl3 and MeOH (5%).
5, 10, 15-Tri(4-aminophenyl)-20-(4-pyridyl)porphyrin (A3PyP).

UV-vis
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(DMSO): λmax, nm (ε*103) 434 (194), 525 (15), 575 (21), 664 (12). 1H NMR (600
MHz; DMSO-D; Me4Si; δH, ppm) -2.77 (2H, s, pyrrole-NH), 5.59 (6H, s, -NH2), 7.00
(6H, d, Ph), 7.86 (6H, d, Ph), 8.24 (2H, d, Py-H), 8.75-8.96 (8H, br, pyrrole-H), 9.03
(2H, d, Py-H). MS: m/z 661.28237 ([M+H]+ calcd. 661.28227).
5, 10-Di(4-aminophenyl)-15, 20-di(4-pyridyl)porphyrin (cis-A2Py2P).

UV-vis

(DMSO): λmax, nm (ε*103) 419 (138), 518 (11), 571 (10), 657 (5). 1H NMR (600 MHz;
DMSO-D; Me4Si; δH, ppm) -2.83 (2H, s, pyrrole-NH), 5.62 (4H, s, -NH2), 7.01 (4H,
dd, Ph), 7.87 (4H, dd, Ph), 8.25 (4H, d, Py-H), 8.77-9.01 (8H, br, pyrrole-H), 9.03 (4H,
d, Py-H). MS: m/z 647.26628 ([M+H]+ calcd. 647.26662).
5, 15-Di-(4-aminophenyl)-10, 20-di(4-pyridyl)porphyrin (trans-A2Py2P).

UV-vis

(DMSO): λmax, nm (ε*103) 421 (105), 519 (9), 567 (9), 657 (5). 1H NMR (600 MHz;
DMSO-D; Me4Si; δH, ppm) -2.81 (2H, s, pyrrole-NH), 5.61 (4H, s, -NH2), 7.00 (4H,
dd, Ph), 7.86 (4H, d, Ph), 8.25 (4H, d, Py-H), 8.78-9.01 (8H, br, pyrrole-H), 9.05 (4H,
d, Py-H). MS: m/z 647.26730 ([M+H]+ calcd. 647.26662).
5-(4-aminophenyl)-10, 15, 20-tri(4-pyridyl)porphyrin (APy3P).

UV-vis (DMSO):

λmax, nm (ε*103) 418 (254), 515 (11), 554 (3), 589 (4), 650 (1). 1H NMR (600 MHz;
DMSO-D; Me4Si; δH, ppm) -2.93 (2H, s, pyrrole-NH), 5.65 (2H, s, -NH2), 7.02 (2H, d,
Ph), 7.87 (2H, d, Ph), 8.26 (6H, d, Py-H), 8.80-9.03 (8H, br, pyrrole-H), 9.05 (6H, d,
Py-H). MS: m/z 633.25106 ([M+H]+ calcd. 633.25097).
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2.3 Spectroscopy studies of protonated aminophenyl/pyridyl porphyrins

Instruments.

UV-visible spectroscopy was performed using a Shimadzu UV-3600

UV-VIS-NIR spectrophotometer with Shimadzu UVProbe software.

Typical spectra

were run from 300 to 900 nm using a single visible light source and a single detector.
Scanning speed was medium with sample interval of either 0.2 or 1 nm and a slit
width of 3 nm.

NMR spectra were taken with a Bruker Avance II 400 MHz

spectrometer, and data workup was performed using TopSpin 2.1 software.
Titrations.

All porphyrin titrations were performed with MSA in DMSO.

Solutions were purged with nitrogen before the titrations of the AxPyyP derivatives
were conducted.

The titrations began with dilute acid in 2-5 µL increments, and

concentrated acid in higher increments was used for the later stages.
the initial porphyrin solution was 3.0 mL.

The volume of

Dilution effects on the concentrations of

the porphyrins caused by the addition of acid were taken into consideration, and all
spectra are reported as extinction coefficients.

2.4 NMR studies of protonated aminophenyl/pyridyl porphyrins

Instruments.

The UV-vis spectroscopy measurements were taken on samples taken

directly from the NMR tests. The spectrometer was the same as the previous section.
Because the concentration of the porphyrin solutions were too high to use the standard
cuvette (1 cm), a special thin-layer cell was prepared. Typical procedures to make the
cell are as follows: microscope slides were first cut into proper sizes and cleaned. On
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one slide two layers of parafilm were wrapped, another slide was pressed against the
wrapped one and fixed with more parafilm wrapped around. The sample solutions can
be added by a capillary pipet and the cell is mounted onto a customized holder for
measurements (method developed by Keith James). 1D proton and 2D NOESY and
COSY NMR data were collected using a Bruker Avance III (600 MHz 1H)
spectrometer at 25 °C. Bruker-Topspin 2.1 software was used to process the data. The
typical scan range was from -4 to 16 ppm.
Titrations.

In the NMR tube, the porphyrins were titrated by MSA in deuterated

DMSO. The initial volume of the solution was 500 µL. Diluted and concentrated
acids were titrated sequentially in 10-20 µL increments. The NMR tube was shaken to
mix the solution.

2.5 Cyclic voltammetry of protonated aminophenyl/pyridyl porphyrins

Instruments.

The UV-vis measurements of the actual solutions studied were

performed in a thin-layer cell as described in the previous section. The
electrochemistry studies were all performed on Gamry Reference 600 with Gamry
Instruments Framework software. Three electrodes system was adopted here, in which
glassy-carbon, platinum wire, and Ag/AgCl were used as working, counter and
reference electrodes. A typical scan rate was 50 mV/s. The scan range was from 0 to
-2 V.
Titrations.

In a homemade electrocell, the porphyrins were titrated by MSA in
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DMSO with tetrabutylammonium perchlorate as the electrolyte. Inert gas was purged
before each titration, and working electrode was rinsed after each one. Diluted acid
was titrated first, following by concentrated acid in 10-20 µL increments. The initial
volume of the solution was 1 mL.
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Chapter 3. Spectroscopy Studies of Protonated Aminophenyl/Pyridyl Porphyrins

This chapter was originally published on J. Phys. Chem. A, 2014, 118 (20), pp
3605–3615 and the results and discussion sections are reproduced here in their
entirety.

3.1 Spectroscopy of protonating regular pyridyl porphyrins

The spectroscopy observed from the protonation of tetra(4-pyridylporphyrin)
(TPyP) has been reported in the literature.70

It was concluded that the pyridyl

groups protonated first, based on the very small effects on the spectra observed during
the initial aliquots of acid additions, where further additions of acid generated the
characteristic protonated porphyrin spectrum.

While these conclusions are fully

consistent with the observed spectroscopy, because it was particularly important for
our study to know the order of protonation of the various substituents, we proceeded
to confirm the spectroscopic signatures for protonation of the porphyrin ring as
distinguished from protonation of pyridyl groups on porphyrins.
ZnTPyP.

Upon protonation of ZnTPyP (Fig. 8), the Soret band red shifts by 6 nm

(426 to 432 nm) and broadens. The two Q bands show very little change. In this case,
the four peripheral pyridyl groups become protonated, leading to small effects on the
basic porphyrin spectrum.
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Figure 8. Spectrophotometric titration of ZnTPyP (3.37 µM) with MSA (0 - 12 µmol)
in DMSO.

TMePyP+4.

The spectra observed during acid titration of TMePyP+4 (Figure 9)

show a strong Soret band with a large red shift (24 nm, from 422 to 446 nm) as well
as the collapsing of the four Q bands into two at 591 and 642 nm, with the Q(0,0)
band substantially stronger.

These changes are typical for protonation of the two

internal nitrogens in a free-base porphyrin.

It is also notable that these protonations

require acid concentrations significantly higher than those needed to protonate the
peripheral pyridyl groups above.
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Figure 9. Spectrophotometric titration of TMePyP+4 (7.5 µM) with MSA (0 - 15
mmol) in DMSO.

Ph2Py2P (trans & cis).

The spectrophotometric acid titrations of both the trans and

cis isomers of Ph2Py2P (Figures 10 and 11) show spectral changes similar to those
observed for TPyP.

The addition of acid first leads to a small red shift (3 - 5 nm) of

the Soret band as well as the weakening and broadening of the band.

With further

addition of acid, the Soret band shifts more strongly (27 - 29 nm), and the four Q
bands disappear in favor of the characteristic strong band at about 650 nm.

Thus

unsubstituted phenyl substituents are unremarkable in terms of any interactions with
protonated pyridyl groups or protonated porphyrins.
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Figure 10. Spectrophotometric titration of trans-Ph2Py2P (3.24 μM) with MSA in
DMSO.
PH2+2 represents protonation of the two peripheral pyridyl groups (0 - 66 µmol MSA),
while PH4+4 represents protonation of the internal porphyrin nitrogens (0.066 - 3.95
mmol MSA).
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Figure 11. Spectrophotometric titration of cis-Ph2Py2P (3.24 μM) with MSA in
DMSO.
PH2+2 represents protonation of the two peripheral pyridyl groups (0 - 70 µmol MSA),
while PH4+4 represents protonation of the internal porphyrin nitrogens (0.07 - 2.3
mmol MSA).
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3.2 Spectroscopy of protonating aminophenyl/pyridyl porphyrins

APy3P.

The protonation of APy3P can be tracked in three distinct stages as the

pyridyl groups, porphyrin, and amino all protonate separately (Fig. 12).

Initial

aliquots of acid generate a small red shift of the Soret band from 418 to 423 nm,
characteristic of protonation of the three pyridyl groups only; Q bands were
essentially unaffected during this initial stage of the titration.

Additional acid

generated a weak, broad absorption between 700 - 800 nm indicative of a
hyperporphyrin; the Soret band slightly broadened without shifting.

In the final

stage, acid protonated the amino group, effectively destroying the mild
hyperporphyrin effect. The final spectrum shows a red-shifted Soret and a strong
658 nm band characteristic of a fully protonated porphyrin.
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Figure 12. Spectrophotometric titration of APy3P (3.24 μM) with MSA in DMSO.
PH3+3 represents protonation of the three peripheral pyridyl groups (0 - 385 µmol
MSA), PH5+5 represents protonation of the internal porphyrin nitrogens (0.385 - 2.77
mmol MSA), and PH6+6 represents protonation of the peripheral aminophenyl group
(2.77 - 9.7 mmol MSA).
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A2Py2P (trans & cis).

Only two distinct stages can be discerned in the acid

titrations of both the trans and cis isomers of A2Py2P (Figures 13 and 14).

Initially

the Soret bands (421 nm in trans and 419 nm in cis) increase and red shift to 422 nm,
while all the Q bands also undergo red shifts by 6 to 20 nm. At wavelengths above
700 nm, broad hyperporphyrin absorbances appear in both spectra, in which the cis
isomer shows considerably stronger absorption than the trans isomer.

These features

indicate that the pyrrole groups have been protonated and are interacting with the
aminophenyl groups to generate hyperporphyrin spectra. The small changes
associated with protonation of only the pyridyl groups, i.e., a +2 diprotonated state,
cannot be distinguished during the titration.

This implies that the pyrrole groups of

the porphyrin have become more basic with the presence of the two aminophenyl
substituents and the pyrroles protonate together with the pyridyl groups.

In the

second stage of the titrations, new Soret bands (448 nm in trans and 450 nm in cis)
grow in, the Q bands collapse into one major absorption (673 nm in trans and 656 nm
in cis), and the hyperporphyrin peaks disappear, characteristic of a fully protonated
porphyrin with all groups noninteracting.
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Figure 13. Spectrophotometric titration of trans-A2Py2P (9.28 μM) with MSA in
DMSO.
PH4+4 represents protonation of the two peripheral pyridyl groups as well as the two
internal porphyrin nitrogens (0 - 230 µmol MSA), and PH6+6 includes protonation of
the two peripheral amino groups as well (0.23 - 5.1 mmol MSA).
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Figure 14. Spectrophotometric titration of cis-A2Py2P (7.73 μM) with MSA in
DMSO.
PH4+4 represents protonation of the two peripheral pyridyl groups as well as the two
internal porphyrin nitrogens (0 - 155 µmol MSA), and PH6+6 includes protonation of
the two peripheral amino groups as well (0.155 - 6.2 mmol MSA).

A3PyP.

The spectrophotometric acid titration of A3PyP (Figure 15) shows three
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distinct stages.

A simple +1 protonated state, indicating protonation of the pyridyl

group only, was not observable.

The first protonation stage is characterized by clear

isosbestic points marking the development of a split Soret band (402 and 478 nm,
intensity ratio 1.84), loss of the four Q bands, and growth of a huge red absorbance
peaking at 781 nm, all features indicating very strong hyperporphyrin interactions.
This all takes place at a significantly lower acid concentration than any of the
previous titrations; thus the molecule has been made significantly more basic by the
presence of the multiple amino groups.

We assign this spectrum to a +3 state,

assuming that the pyridyl substituent is also protonated, a topic discussed later while
considering the contributing resonance forms. During the second stage of the acid
titration, there are no clear isosbestic points as multiple effects seem to be taking
place.

The Soret band at 402 nm grows into a higher absorption at increasing

wavelength, while the Soret band at 478 nm decreases and moves to longer
wavelength.

The red hyperporphyrin absorbance decreases and shifts to shorter

wavelengths.

We consider this to be the protonation of one of the three amino

groups, possibly at different positions, to form +4 isomers, as well as protonation of
two amino groups to form a +5 state.

The hyperporphyrin effect is weakened but

remains remarkably strong throughout these changes.

As the acid titration completes,

distinct isosbestic points can be observed, leaving only one Soret band at 477 nm and
one Q band at 658 nm, indicative of the fully protonated porphyrin.

We attribute the

final stage to protonation of the last remaining amino group.
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Figure 15. Spectrophotometric titration of A3PyP (7.57 μM) with MSA in DMSO.
PH3+3 represents protonation of the one peripheral pyridyl group as well as the two
internal porphyrin nitrogens (0 - 7.7 µmol MSA), PH5+5 represents protonation of two
of the three peripheral amino groups (0.077 - 1.57 mmol MSA), and PH6+6 represents
protonation of all of the three peripheral amino groups (1.57 - 7.7 mmol MSA).

TAPP.

The acid titration of TAPP is shown in Figure 16, which is consistent with

titrations reported in the literature.34, 44
other porphyrins in this study.

TAPP is significantly more basic than all the

Initially, the Soret band splits into a weak absorption

at 392 nm and a strong one at 467 nm, as well as a strong red absorption peaking at
813 nm.
spectrum.

Protonation to the +4 state still leaves a remarkably strong hyperporphyrin
Complete protonation leads to a Soret band at 443 nm and a Q band at

660 nm.
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Figure 16. Spectrophotometric titration of TAPP (5.93 μM) with MSA in DMSO.
PH2+2 represents protonation of the two internal porphyrin nitrogens (0 - 690 nmol
MSA),

PH4+4 represents protonation of two peripheral amino groups (0.69 - 126

µmol MSA), and

PH6+6 represents protonation of the last two peripheral amino
groups (0.126 - 7.1 mmol MSA).
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3.3 Comparison of hyperporphyrin spectra

Figure 17 highlights the spectra of the different hyperporphyrins obtained from the
variously substituted aminophenyl / pyridyl porphyrins.

With increasing numbers of

aminophenyl groups, clear trends are observed in terms of the wavelength and
intensity of the red hyperporphyrin band as well as the wavelength and intensity of the
split Soret band.

Table 1 summarizes these spectral features, which are discussed

further in terms of resonance delocalization in the next section.

Figure 17. Hyperporphyrin spectra of the various porphyrins studied.

Table 1. Peak wavelengths and extinction coefficients (λmax (nm), ( x 103 M-1 cm-1)) of
the porphyrins and protonated porphyrins, along with the initial porphyrin
concentration (3 mL volume) and the amount of acid (MSA in DMSO) used to create
the maximum concentration of that particular species and give rise to the reported
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spectrum.

trans
Ph2Py2P
(3.24 μM)

cis
Ph2Py2P
(3.24 μM)

APy3P
(4.75 μM)

The far-red hyperporphyrin bands are highlighted in boldface.

P

PH2+2

PH3+3

PH4+4 *

PH6+6

λmax (ε x103)

λmax (ε x 103)

λmax (ε x 103)

λmax (ε x 103)

λmax (ε x 103)

0 mmol
419 (183)
515 (10)
550 (5)
590 (4)
644 (3)
0 mmol
417 (261)
514 (10)
547 (4)
588 (4)
642 (3)
0 mmol

66 μmol
422 (163)
517 (9)
552 (5)
590 (4)
645 (4)
70 μmol
422 (172)
518 (9)
552 (4)
589 (4)
645 (2)

418 (254)
515 (11)
554 (3)
589 (4)
650 (1)

4.0 mmol
449 (141)
603 (6)
666 (14)
2.3 mmol
451 (162)
603 (6)
654 (20)
385 μmol
423 (259)
516 (13)
551 (3)
589 (3)
650 (1)

0 mmol
trans
A2Py2P
(9.28 μM)

421 (105)
519 (9)
567 (9)
657 (5)
0 mmol

cis
A2Py2P
(7.73 μM)

A3PyP
(7.57 μM)

419 (138)
518 (11)
571 (10)
657 (5)
0 mmol
434 (194)
525 (15)
575 (21)

7.7 μmol
403 (64)
478 (118)
781 (84)

+5* 2.8 mmol
423 (223)
517 (15)
552 (9)
585 (5)
650 (2)
726 (6)
230 μmol
422 (179)
516 (16)
547 (9)
589 (5)
646 (4)
726 (4)
155 μmol
422 (185)
512 (27)
551 (12)
589 (10)
644 (7)
767 (16)
+5* 1.6 mmol
438 (138)
496 (65)
740 (49)

9.7 mmol

451 (184)
658 (16)

5.1 mmol

448 (117)
673 (16)

6.2 mmol

450 (158)
656 (21)

7.7 mmol
447 (283)
658 (37)
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664 (12)
0 mmol
438 (174)
530 (11)
580 (20)
669 (11)

TAPP
(5.93 μM)

*

690 nmol

126 µmol

7.1 mmol

390 (38)
467 (130)
813 (89)

417 (54)
474 (93)
786 (67)

443 (271)
658 (35)

The +5 states for APy3P and A3PyP appear in the +4 column for ease of

display.

3.4 Relative basicities of different pyridyl porphyrins

Because

most

of

the

various

protonated

forms

are

distinguishable

spectroscopically, it is possible to determine the relative order of basicity of the
different nitrogen bases present.

Generally, the peripheral pyridyl groups protonate

first, followed by the interior porphyrin pyrrole groups, followed by the peripheral
amino groups.

When there are two or more aminophenyl substituents, the interior

porphyrin pyrrole groups become more basic and protonate along with the pyridyl
groups (we could not distinguish separate protonation stages for A3PyP or cis or trans
A2Py2P).

The aminophenyl groups consistently protonate last; in the molecules

under study, they are involved in electron donation to the hyperporphyrin and bear
partial positive charge.
Quantitative measures of basicities were determined by monitoring the acid
titrations at three or more distinct wavelengths to distinguish the relative
concentrations of different species at different points in the titrations, using the
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method of Splan

12

and Rudine.

An apparent pKa value was obtained from the

interpolated point at which the acid concentration was sufficient to generate equal
concentrations of both the acid and conjugate base forms.

These are considered

apparent pKa values because of the nonaqueous solvent (DMSO) and the unidentified
state of ionization of MSA.

Nevertheless, they are useful indicators of the relative

basicity of the different derivatives, which are tabulated in Table 2.
unique

spectrum

obtained

for

A3PyPH3+3,

we

also

Because of the

investigated

other

triaminosubstituted porphyrins, and these are included in the table as well.

Table 2. Apparent pKa values (half-equivalence points) for the various protonated
forms of the porphyrins. Parenthetical indications denote whether the protonation is
assigned to pyridyl (Py), porphyrin pyrrole (P), or aminophenyl (A) groups.

Porphyrin (P)

PH2+2

trans-Ph2Py2P

2.53 (Py)

0.72 (P)

cis-Ph2Py2P

2.68 (Py)

1.0 (P)

APy3P

PH3+3

PH4+4

1.82 (Py)

PH5+5

PH6+6

0.37 (P)

- 0.32 (A)

trans-A2Py2P

2.43 (Py,P)

0.21 (A)

cis-A2Py2P

2.38 (Py,P)

0.16 (A)

A3PyP

3.5 (Py,P)

0.84 (A)

- 0.03 (A)
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TAPP

4.57 (P)

A3CMPP

3.8a (P)

0.5a (A)

A3MPP

4.0 (P)

0.78 (A)

ZnTPyP

a

1.86 (A)

0.37 (A)

3.72 (Py)

Data from ref 32.

3.5 Discussion

The most common examples of hyperporphyrin effects occur with strong
electron-donating groups available to promote charge-transfer interactions with
positively charged sites on the interior of a protonated porphyrin.

We have

previously reported such hyperporphyrin effects of 4-aminophenyl groups, which are
strong electron donors by resonance effects, studying a complete series of derivatives
with either 4-aminophenyl or 4-carbomethoxyphenyl substituents.
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In this study,

we have examined a similar series with either 4-aminophenyl or 4-pyridyl as the
substituents.

Although the pyridyl groups are similarly electron withdrawing,

comparable to carbomethoxyphenyl, the additional complexity is that the pyridyl
groups are readily protonated, creating an even stronger electron-withdrawing effect.
We propose that under certain circumstances the protonated pyridyl groups can also
take part in charge-transfer interactions with the aminophenyl groups via resonance
effects through the porphyrin ring.
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In the series we studied, a typical porphyrin has multiple possible sites for
protonation - the interior of the porphyrin, the pyridyl substituents, and the
aminophenyl substituents.

The reported acid titration of TPyP led to the conclusion

that the peripheral pyridyl groups protonate before the porphyrin interior,70 which is
consistent with our observations of the spectroscopy of protonated ZnTPyP (which
cannot protonate on the interior) (Figure 8) and TMPyP+4 (where the methylated
pyridinium groups simulate protonated pyridyl groups) (Figure 9).
Acid titration of APy3P showed subtle but distinctive spectra indicating all three
protonations: first the three pyridyl groups, then the porphyrin interior, then the amino
group (Figure 12).

Protonation of the pyridyl groups first was consistently observed

until two or more aminophenyl substituents were present; these groups apparently
enhance the basicity of the interior porphyrin pyrrole groups, so for the cis and trans
isomers of A2Py2P as well as for A3PyP, it was not possible to detect separately the
protonation of the pyridyl groups and the protonation of the porphyrin pyrroles.
Examining the trends in pKa values in Table 2, pyridyl groups are relatively
consistent in their basicity, although multiple electron-donating amino groups
distinctly improve basicity.

Basicity of the porphyrin pyrrole groups, however, is

strongly affected by amino groups.

As one to four amino groups are added, relative

pKa values increase: 0.3, 2.43 or 2.38, 3.5, 4.57.

Part of this trend is likely due to the

effects of the electron-withdrawing pyridinium substituents that would decrease
basicity; as more amino groups are added, fewer pyridinium groups are necessarily
present.

This effect can be normalized by comparison with the unsubstituted phenyl
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derivatives; even with two pyridinium substituents, the pKa of the porphyrin of trans
or cis Ph2Py2P (0.72 or 1.0) is significantly lower (less basic) than that of A2Py2P
(2.43 or 2.38).

Thus the amino groups provide the dominant effect in increasing

basicity.
Aminophenyl groups always protonate last.

Since the aminophenyl groups

provide effective stabilization of the protonated porphyrin via hyperporphyrin
resonance, they already bear a partial positive charge and protonation to an
ammonium ion would cause a loss of the resonance stabilization.

The pKa values

roughly correlate with the overall charge on the molecule, i.e., forming a +6 state
requires more acid than forming a +5 or +4 state.
The importance of the amino groups for the hyperporphyrin spectral effect is also
emphasized by comparisons with the acid titrations of the Ph2Py2P derivatives
(Figures 10 and 11).

These porphyrins protonate essentially identically to TPyP, i.e.,

first the pyridyl groups protonate, then the porphyrin pyrroles protonate.

No

hyperporphyrin spectral effects are detectable at any stage, indicating that simple
phenyl groups are not suitable to generate hyperporphyrin effects.
Significant hyperporphyrin effects are seen with two or more aminophenyl
groups (Figures 13-16).

Although the initial protonations on the pyridyl groups are

relatively localized, the two positive charges generated by protonation of the interior
pyrrole groups can be delocalized.

A variety of different resonance forms can be

generated to illustrate the sites for delocalization of these positive charges.

For this,

we apply (and extend) the Gouterman framework for porphyrin spectroscopy,
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specifically for anomalous porphyrin spectroscopy such as hyperporphyrins.

6, 44

In

this framework, A type spectra are normal porphyrin spectra, in which the four meso
substituents do not interact significantly with the porphyrin ring; there are both neutral
and diprotonated A type spectra.

When meso substituents are capable of strong

interaction with the porphyrin π system, however, the chromophore can be extended
significantly beyond the porphyrin core and anomalous spectra result.

In a B type

spectrum, one such substituent interacts, while in a C type spectrum, two such
substituents interact.
Figure 18 illustrates both A and B types of resonance forms for
trans-A2Py2PH4+4.

Note that we are correlating the terminology of the anomalous

spectral types in the Gouterman formalism with the resonance forms that we propose
give rise to the anomalous spectra.

The parenthetical numbers in Figures 18-20

indicate the number of unique sites to which the charge may be delocalized using that
type of resonance; the total number of resonance forms will be much larger.

In the

case of trans-A2Py2PH4+4, there are two unique aminophenyl groups that could
delocalize the charge as in the B type form.

Note that fully protonated porphyrins

will necessarily revert back to the A type spectrum, since the strongly interacting
amino groups become noninteracting ammonium ions once protonated.
Note that a single amino substituent, as in APy3P, will give rise to a set of
resonance forms similar to those of trans (although only one B possibility), and
APy3PH5+5 displays a similarly weak hyperporphyrin effect.
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Figure 18. Hyperporphyrin resonance forms for trans-A2Py2PH4+4.
A and B types are discussed in the text.
Careful manipulation of the available resonance forms will show that
delocalization of both positive charges cannot be accomplished when the donor
groups are trans.

For donor groups at cis meso positions, however, both charges may

be delocalized simultaneously generating the C type resonance form (Figure 19).
Thus cis-A2Py2PH4+4 has an additional type of resonance form, unavailable to the
trans isomer, and the observation is a much stronger hyperporphyrin effect (compare
Figures 13 and 14).
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Figure 19. Hyperporphyrin resonance forms for cis-A2Py2PH4+4. A, B, and C types
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are discussed in the text.
With three aminophenyl groups available, as in A3PyP, a novel situation arises
(Figure 20).

There are three unique aminophenyl sites for type B resonance and two

different cis orientations that could lead to C type resonance.

However, the type C

form leaves still one more available aminophenyl group.

We propose that yet

another type of resonance form is possible, which we call type D.

In this case, the

third aminophenyl group provides electron donation to the protonated pyridinium
group, leading to a novel type of resonance form in which all four meso groups are
interacting through the porphyrin core.

The hyperporphyrin effect in A3PyPH3+3 is

remarkably strong, comparable to that observed for TAPPH2+2, and we propose that
this additional type D resonance delocalization contributes to the strengthened
hyperporphyrin effect.

As with TAPPH2+2, all four substituents can be involved in

resonance with the porphyrin core.
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Figure 20. Hyperporphyrin resonance forms for A3PyPH3+3. A, B, C, and D types are
discussed in the text.

Overall, the spectral trends observed can be correlated by the wavelength position
and intensity of the red hyperporphyrin band as well as the wavelength position and
intensity of the split Soret band.

Increasing numbers of aminophenyl groups lead to

a more intense and red-shifted hyperporphyrin band, as well as a more intense split
Soret band.

We tabulate these as ratios of extinction coefficients in Table 3, and also

indicate the number of unique positions for each type of resonance form as an
indicator of the extent of resonance delocalization possible.
In order to determine whether the protonation behavior of A3PyP was unusual,
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we also examined other cases of tris(p-aminophenyl)porphyrins.
published results including a carbomethoxy derivative (A3CMP).
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We had earlier
However, like a

pyridinium group, the carbomethoxy group is electron withdrawing and could engage
in a similar push-pull resonance effect.

Therefore we synthesized a methyl

derivative for this study (A3MP), where the methyl group is electron donating and
cannot partake in resonance effects.

Results from both are included in Table 3

below.
Where there are more than two amino groups available for resonance, it becomes
possible to protonate one or more while still leaving two available for hyperporphyrin
effects.

Thus in the case of TAPP, it is possible to observe a secondary

hyperporphyrin spectrum in which two amino groups remain unprotonated, i.e.,
TAPPH4+4.

In the case of A3PyP, we could not clearly identify such a spectrum, but

it seemed clear that there were other hyperporphyrin states present between the +3
and +5 states (see Figure 15).

Data for these are included in the comparisons with

the other hyperporphyrins below.

Table 3. Relative positions and intensities of the split Soret band and the far red band
in the hyperporphyrin spectra of the various derivatives. Relative positions and
intensities of the split Soret band and the far red band in the hyperporphyrin spectra of
the various derivatives, correlated with the number of unique resonance forms of each
type.
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a

Far red band (εε)b Type B Type C

Hyperporphyrin

Split Soret (ratio)a

APy3PH5+5

423, 517 (0.067)

726 (6)

1

0

0

trans-A2Py2PH4+4

422, 516 (0.089)

726 (4)

2

0

0

cis-A2Py2PH4+4

422, 512 (0.145)

767 (16)

2

1

0

TAPPH2+2

390, 467 (3.42)

813 (89)

4

4

0

TAPPH4+4

417, 474 (1.72)

786 (67)

2

1

0

A3PyPH3+3

403, 478 (1.84)

781 (84)

3

2

1

A3PyPH5+5

438, 496 (0.47)

740 (49)

2

1

0

A3MPH2+2

420, 474 (1.35)

785 (56)

3

2

0

A3CMPH2+2 c

420, 480 (1.21)

784 (53)

3

2

0

Type D

Soret peaks (nm) and ratio of extinction coefficients (longer wavelength/shorter

wavelength)
b

Far red hyperporphyrin band (nm) and extinction coefficient (x 103 M-1 cm-1)

c

Data from ref 32.

Comparing the hyperporphyrin effects of the three triamino derivatives, we
conclude that the pyridinium group has a significant effect on the hyperporphyrin
band extinction coefficient (84,000 vs. 56,000 or 53,000 M-1 cm-1) as well as the
wavelength of the high-energy Soret peak (403 nm vs. 420 nm).

Thus we propose
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that forms of type D are uniquely significant in the structure of this particular
hyperporphyrin.

Structures of type D have been observed before and are generally

categorized as oxoporphyrinogens.71

Porphyrinogens are saturated at the meso

positions, while oxoporphyrinogens show exocyclic π bonds at the meso positions.
Oxoporphyrinogens are often tautomeric forms, e.g., of p-hydroxyphenylporphyrins.71
We have been particularly interested in pyridyl derivatives as part of push-pull
photosensitizers, considering that structures of type D might be able to utilize the
reduced pyridine ring as a hydride donor.

As such, electron-rich pyridinium could

serve as a two-electron reducing agent, somewhat analogous to NADH. Hydride loss
would lead to restoration of the pyridine aromatic ring and oxidation of the porphyrin,
as indicated in Figure 15. Experiments are underway to determine if this proposed
chemistry can be made to occur in either stoichiometric or catalytic fashion, using
either electrochemical or photochemical stimulation.

We cite the example of CO2

reduction because pyridine has been reported as an effective catalyst for
photoreduction of CO2.60, 62
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Figure 21. Proposed use of a type D hyperporphyrin structure as a hydride donor.
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Chapter 4.

Proton NMR of Protonated Aminophenyl/Pyridyl Porphyrins

One difficulty of analyzing the NMR spectra of hyperporphyrins induced by
protonation is that sometimes the spectra are too complicated because of the multiple
possible protonation states. 45 Spectroscopy using a thin-layer cell was adopted here to
address this problem by identifying the protonation state via UV-vis spectroscopy of
the same solution used for the NMR spectra. In many of the spectra a very strong
broad peak goes off-scale; this is the water peak, which is unavoidable in these
experiments.
The basic structures of pyridyl porphyrins studied here are shown in Fig. 22. The
protons at different positions are labeled with abbreviations for the corresponding
positions: A=amino (NH2), P=porphyrin (NH), Pr=pyrrole (β), Ph=phenyl (o or m),
Py=pyridyl (2 or 3).

Figure 22. A general structure for aminophenyl/pyridyl porphyrins with notations used
to designate individual hydrogens.
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4.1 NMR spectra of protonated pyridyl porphyrins

TPyP.

Due to the insolubility of the free base in DMSO, a reference spectrum was

taken in CDCl3 (Figure 23). The free base TPyP spectrum in chloroform-D showed
peaks at -2.93 (2H, br, s, NH), 8.15-8.17 (8H, Py-3, dd), 9.06-9.07 (8H, Py-2, dd),
8.87 (8H, Pr, s). In order to solublize TPyP, it was purposely acidified beforehand
with MSA in DMSO. The initial protonation state was determined to be TPyPH4+4 by
the NMR spectra (Fig. 24 (a)), in which the four peripheral pyridyl groups are
protonated. The solvent effect on the NMR spectra of TPyP is minimal, considering
the two pyrrolic N-Hs (-2.93 ppm in CHCl3-D and -3.08 ppm in DMSO-D); thus the
two spectra are considered to be comparable. During the stage from TPyP to
TPyPH4+4, the protonation of the peripheral pyridyl groups moves all the pyridyl
proton signals and β pyrrole proton (Hβ) signal downfield, which is understandable
considering that the positive charges on the pyridinium groups deshield the protons on
pyridyl groups and pyrrole β positions. Further protonation happens to the internal
nitrogens, (TPyPH6+6) characterized by broadening and decreasing of the porphyrin
N-H signals and further downfield shift of the pyridyl proton on 2-position.
Structurally, the protonation of the inner nitrogens makes the macrocycle distort from
planar to nonplanar.

11

Consequently the proton exchanges of the inner ring with the

solution are easier and faster, which leads to the disappearance of the porphyrin N-H
signals.
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Figure 23. The NMR spectrum of free base TPyP in CDCl3.

Figure 24. The 1 H-NMR spectra of TPyP protonation from TPyPH4+4 to TPyPH6+6
(a-g).

TAPP.

Acid titrations of TAPP go through two stages (Fig. 25). In the first stage,

the UV-vis spectroscopy shows that the Soret band at 440 nm first splits into two
bands at 390 nm and 466 nm. All the Q bands disappear and a huge absorbance at 808
nm grows in, all characteristic of protonating the interior porphyrin nitrogens which
initiates charge transfer to the aminophenyl groups and thus produces the
hyperporphyrin effect (Fig.25 (Ⅰ)).

44

In the NMR spectrum of this stage (TAPP→
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TAPPH2+2) (Fig. 25 (Ⅲ)), substantial changes can be observed on the aromatic
protons, which move downfield by 0.25-0.49 ppm. Meanwhile, the pyrrole Hβ and the
internal N-H moves upfield and downfield by 0.59 ppm and 3.5 ppm respectively,
indicating loss of the aromaticity of the porphyrin ring. The movement of amino
proton signal is also worth noting. Upon acid titration, the original signal at 5.56 ppm
is gradually replaced by the new one at 6.41 ppm. More importantly, both the spectra
of free base and the diprotonated base coexist during this stage, indicating the proton
exchange is a slow process.
In the second stage of the titration, protons attack the aminophenyl groups and
force the positive charges back onto the pyrrolic N-Hs, resulting in the fully
protonated porphyrin (TAPPH6+6). The spectroscopy here is characterized by a
growth of Soret band from 390 nm to 443 nm, disappearance of Soret band at 467
ppm and a Q absorbance at 659 nm (Fig. 25 (Ⅲ)). In the NMR spectra, all the
aromatic protons and the pyrrole Hβ move downfield by 0.41-0.76 ppm, along with
the disappearance of –NH2. The internal N-H signal moves upfield to -0.7 ppm and
broadens (Fig. 25 (Ⅳ)).

60

(Ⅰ)

(Ⅱ)

(Ⅲ)

61

(Ⅳ)

Figure 25. The 1 H-NMR spectra of TAPP protonation from TAPP to TAPPH2+2.
(Ⅰ) UV-vis spectroscopy, (Ⅱ) the NMR spectra (color coordinated with (Ⅰ)); from
TAPPH2+2 to TAPPH6+6: (Ⅲ) UV-vis spectroscopy, (Ⅳ) the NMR spectra (color
coordinated with (Ⅲ)).

A3PyP.

Both the spectroscopy and the NMR spectral changes of A3PyP are

comparable to those of TAPP (Fig. 26). The initial protonations also occur on the
interior porphyrin nitrogens and induce the hyperporphyrin effect (A3PyPH3+3). The
unique feature of A3PyPH3+3 is that an additional resonance can take place between
the pyridinium and the remaining aminophenyl group, thus creating a novel
hyperporphyrin effect, which we call the type D hyperporphyrin. In the UV-vis
spectroscopy, this additional resonance effect produces a large absorbance in the
hyperporphyrin region at 788 nm (Fig. 26 (Ⅰ)). In the NMR spectrum (Fig. 26 (Ⅱ)), the
difference leads to the phenyl signals split into two groups with the intensity ratio
close to 2:1, which can be explained as two aminophenyl groups in the cis orientation
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to the pyridyl group can either interact with the protonated pyrrolic N-H or the
protonated pyridyl group, while the remaining aminophenyl in the trans orientation
can only interact with the internal nitrogens. The 2:1 amino (–NH2) peaks can also be
explained in the same way. The changes of pyridinium proton signals here are also
interesting and will be discussed in detail later. The free base and the hyperporphyrin
are in slow exchange judging by the coexistence of signals for both forms. The
internal N-H signals also move downfield and also splits into two signals, especially
notable in the spectrum prior to the hyperporphyrin (Fig. 26 (Ⅱ) (e)).
As with TAPP, the final stage of titration to A3PyPH6+6 also features the
deformation of the hyperporphyrin, which shows in the spectroscopy as the growth of
one Soret band at 447 nm from 403 nm and the development of one Q band at 650 nm
from hyperporphyrin band at 788 nm (Fig. 26 (Ⅲ)). In the NMR spectrum (Fig. 26
(Ⅳ)), this process is characterized by the gradual downfield shift of all the proton
signals, suggesting rapid proton exchange.

63

(Ⅰ)

(Ⅱ)

(Ⅲ)

(Ⅳ)
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Figure 26. The 1 H-NMR spectra of A3PyP protonation from A3PyP to A3PyPH3+3.
(Ⅰ) UV-vis spectroscopy, (Ⅱ) the NMR spectra (color coordinated with (Ⅰ)); from
A3PyPH3+3 to A3PyPH6+6: (Ⅲ) UV-vis spectroscopy, (Ⅳ) the NMR spectra (color
coordinated with (Ⅲ)).

cis-A2Py2P & APy3P. The NMR spectra of protonated cis-A2Py2P and APy3P are
discussed together here because of their similarities. They are also of somewhat less
interest and are substantially more complex. Two stages can be traced in both of their
acid titrations. In cis-A2Py2P, protonations first happen on both the porphyrin
nitrogens and the pyridyl groups, generating a small blue shift and decrease of the
Soret band at 422 nm, increased intensities of several Q bands (505, 546, and 586 nm),
and a large absorbance at 772 nm arising from the hyperporphyrin (Fig. 27 (Ⅰ)).
Meanwhile, three pyridyl groups of APy3P are protonated initially, leading to only
small changes in the spectrum, such as the Soret band red shift from 416 nm to 422
nm (Fig. 28 (Ⅰ)). The NMR spectra of both compounds at this stage (Fig. 27 (Ⅱ) and
Fig. 28 (Ⅱ)) are characterized by downfield shifts of the protons on both the phenyl
and pyridyl groups and disappearances of both amino –NH2 and porphyrin N-H
signals.
The second stage of acid titration on cis-A2Py2P, from cis-A2Py2PH4+4 to
cis-A2Py2PH6+6, occurs on the aminophenyl moieties, resulting in the fully protonated
porphyrin. In the spectroscopy, the Soret band at 421 nm red shifts to 450 nm, while
the huge absorbance at 772 nm blue shifts to an absorbance at 655 nm (Fig. 27 (Ⅲ)).
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Meanwhile, in APy3P, the porphyrin nitrogens are protonated, forming a weak
hyperporphyrin via charge-transfer. Continued protonation on the aminophenyl group
leads to the loss of hyperporphyrin and fully protonated porphyrin. These stages are
not easily differentiated. The spectroscopy that describes these stages feature the Soret
band red shift from 422 nm to 451 nm, the development of a major Q band at 653 nm,
and a weak hyperporphyrin absorption in between (as shown in the inset of Fig. 28
(Ⅳ)). In both of the NMR spectra here (Fig. 27 (Ⅳ) and Fig. 28 (Ⅳ)), one of the
phenyl protons in meta position and one of the pyridyl protons in ortho position keep
moving downfield, while pyrrole Hβ move upfield until they reach the original pyrrole
position.

(Ⅰ)
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(Ⅱ)

(Ⅲ)

(Ⅳ)

Figure 27. The 1 H-NMR spectra of cis-A2Py2P protonation.
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from cis-A2Py2P to cis- A2Py2PH4+4: (Ⅰ) UV-vis spectroscopy, (Ⅱ) the NMR spectra
(color coordinated with (Ⅰ)); from cis-A2Py2PH4+4 to cis-A2Py2PH6+6: (Ⅲ) UV-vis
spectroscopy, (Ⅳ) the NMR spectra (color coordinated with (Ⅲ)).

(Ⅰ)

(Ⅱ)
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(Ⅲ)

(Ⅳ)

Figure 28.The 1 H-NMR spectra of APy3P protonation.
from APy3P to APy3PH3+3.(Ⅰ) UV-vis spectroscopy, (Ⅱ) the NMR spectra (color
coordinated with (Ⅰ)); from APy3PH3+ to APy3PH6+6: (Ⅲ) UV-vis spectroscopy, (Ⅳ)
the NMR spectra (color coordinated with (Ⅲ)).
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4.2 Comparison of NMR spectra at different states

Table 4 summarizes the NMR features of the four aminophenyl/pyridyl
porphyrins in each state (free base, hyperporphyrin, and fully protonated). These
features will be further discussed in the following section.

Ph
o
TPyP

m

---------

Pyrrole
-NH2
Hβ
Free base
9.06-9.07
--------

Pyrrole
N-H

pyridine
2
3

-2.93

9.07

8.16

APy3P

7.02

7.87

8.80-9.03

5.65

-2.93

9.05

8.26

cis A2Py2P

7.01

7.87

8.77-9.01

5.62

-2.83

9.03

8.25

A3PyP

7.00

7.86

8.75-8.96

5.59

-2.77

9.03

8.24

TAPP

7.00

7.85

8.88
5.56
Partially Protonated
9.14-9.18
------------

----------

9.41

8.92

TPyPH4+4

-----------

-2.74

----------

APy3PH5+5

7.84

8.39

8.78-9.15

------------

----------

9.41

8.99

cis
A2Py2PH4+4
A3PyPH3+3

7.69

8.27

-----------

----------

----------

9.38

8.87

7.29
8.42
8.34

8.08-8.49

-----------

----------

9.27

8.67

TAPPH2+2

7.23
8.29
7.25

TPyPH6+6
APy3PH6+6

--------7.91 8.58

cis
A2Py2PH6+6
A3PyPH6+6

7.92

8.72

7.97

8.73

TAPPH6+6

8.01

8.75

8.29
6.41
Fully Protonated
9.08-9.15
---------8.72/8.86/
---------8.99
8.46/8.62/
---------8.83/9.00
8.50/8.54/
---------8.66/8.91
8.61
----------

0.76

------------

-------------------

9.34
9.35

9.05
9.22

----------

9.42

9.22

----------

9.43

9.23

-0.70
(Br)

------------
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Table 4. The proton chemical shifts from all the functional groups of
aminophenyl/pyridyl porphyrins in each protonation state.

4.3 2D NMR for A3PyP

In order to accurately assign each proton signal to individual hydrogens, COSY
(hydrogen-hydrogen) spectra of A3PyP in each state (hyperporphyrin and fully
protonated) were studied here. As shown in Fig. 29 (a) for A3PyPH3+3 hyperporphyrin,
the meta phenyl protons at 7.23 and 7.29 ppm correlate with the ortho protons at 8.29
and 8.42 ppm. Therefore, although the range from 8.1 to 8.5 ppm is where pyrrole β
hydrogen and the phenyl hydrogen overlap and it is difficult to distinguish the phenyl
proton signals, the proton signals at 8.29 and 8.42 ppm could clearly be assigned to
the phenyl proton signals. COSY of the fully protonated A3PyPH6+6 also shows the
correlation of the phenyl o-H and m-H, and another weak correlation between two
pyrroles.
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Figure 29. COSY of protonated A3PyP.
a. hyperporphyrin (A3PyPH3+3); b. fully protonated (A3PyPH6+6)
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The other 2D NMR (Fig. 30) that was studied is NOESY, with the purpose of
investigating how the adjacent protons correlate through space in each state. In the
free base porphyrin (Fig. 30 (a)), the ortho hydrogens at 7.00 ppm on the aminophenyl
groups have both interactions with the amino hydrogens at 5.59 ppm and the meta
hydrogens on the aminophenyl groups at 7.86 ppm. The 2 and 3 hydrogens at 9.03
and 8.24 ppm on the pyridyl group also interact weakly with each other.
At the hyperporphyrin stage, all of the interactions are stronger. The ortho phenyl
hydrogens at 7.23 and 7.29 ppm still interact with the meta phenyl hydrogens at 8.29
and 8.42 ppm. The meta phenyl hydrogens, on the other hand, can interact with two
pyrrole β hydrogens at 8.12 and 8.21 ppm. Additionally, the interaction between
position 3 hydrogens on the pyridyl groups (8.67 ppm) and pyrrole β hydrogens (8.45
ppm) can be noticed. The interaction between pyridyl 2 and 3 hydrogens at 9.27 and
8.67 ppm still remains.
When the porphyrin was fully protonated, the interactions between pyrrole β
hydrogens became stronger, with the ones at 8.50 and 8.54 ppm correlated and the
other ones at 8.66 and 8.91 ppm correlated. The interactions of meta hydrogens on the
phenyl groups (8.73 ppm) with pyrrole β hydrogens (8.50 and 8.54 ppm) decrease
compared to the hyperporphyrin, as well as the interactions of 3 hydrogens on the
pyridyl groups (9.23 ppm) and pyrrole β hydrogens (8.91 ppm).
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Figure 30. NOESY spectra of protonated A3PyP.
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(a. free base (A3PyP); b. hyperporphyrin (A3PyPH3+3); c. fully protonated
(A3PyPH6+6).

4.4 NMR Evidence for Hyperporphyrin Structure

Earlier we discussed the hyperporphyrin effects of protonated aminophenyl/pyridyl
porphyrins from the spectroscopic point of view (Chapter 3). However, specific
structural evidence would be valuable to validate the concept of the novel D-type
hyperporphyrin. In this section, we applied NMR spectroscopy to investigate changes
of aminophenyl/pyridyl porphyrin structures during protonation. NMR spectroscopy
of

the

hyperporphyrin

dimethylaminophenylporphyrins.

effect
45, 72

has

been

studied

before

on

However, the effect of electron-withdrawing

groups on such hyperporphyrins has not been studied. Pyridinium originating from
pyridine after protonation is a strong electron-withdrawing group, and here we are
studying that combination with the well-documented aminophenylporphyrin
hyperporphyrins. Evidence for the D type of hyperporphyrin that involves charge
transfer between pyridinium and aminophenyl will be presented.
In the series of aminophenyl/pyridyl porphyrins we studied here, the sequence in
which the aminophenyl, pyridyl, and pyrrole nitrogens are protonated plays an
important role in the NMR spectra. In TPyP and APy3P, the basicity of the pyridyl
groups are stronger than that of the pyrrole nitrogens, therefore pyridyl groups are
converted to pyridinium first. 33 However, in cis-A2Py2P and A3PyP, the aminophenyl
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groups enhance the basicity of the pyrrole nitrogen, so the protonations of pyridyl
groups and pyrrole nitrogens are observed at the same time. It has also been
postulated that in A3PyP the protonation of pyrrole nitrogens is prior to the
protonation of pyridyl groups, but in the spectroscopy it is too subtle to distinguish
them. 33
The proton NMR spectra of porphyrins has been determined to be dominated by the
large π-electron ring current of the macrocycles and the inductive effect of the
peripheral groups.
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Hyperporphyrin effect requires significant coplanarity of the

functional groups with the macrocycle to facilitate the charge transfer. In order to
accommodate the coplanarity, the adjacent pyrroles need to tilt, which results in the
distortion of the macrocycle. The ring current decreases in consequence, with the
characteristic movements upfield for Hβ and downfield for the internal N-H proton.
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they all show hyperporphyrin effect, the NMR spectra of APy3P,

cis-A2Py2P and A3PyP under acidification here are quite different. While A3PyP can
exhibit the characteristic Hβ movement of hyperporphyrin, APy3P and cis-A2Py2P
move their Hβ downfield instead. This phenomenon could be explained via the
sequence of protonation of different functional groups. In APy3P and cis-A2Py2P,
pyridyl groups are protonated either prior to or together with the protonation of the
pyrrole nitrogens, while in A3PyP the protonation of pyridyl lags behind pyrrole. The
inductive effect of pyridinium is stronger than the ring distortion in APy3P and
cis-A2Py2P, thus moving Hβ downfield. 75
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TAPP has been recognized as the special case of C type hyperporphyrin. C type
hyperporphyrin is described as charges from the two pyrrolic N-Hs delocalized to two
donor groups at cis meso positions. In TAPP, there are four combinations of such
donor groups, which means that the chances of TAPP forming C type hyperporphyrin
is particularly strong. As shown in Fig. 31, two cis aminophenyl groups accept the
positive charges and turn into a protonated iminium, which can exchange proton with
the solution, explaining the loss of amino –NH2 signals. The existence of such a stable
hyperporphyrin structure could also explain the slow exchange in the early stage of
the titration.

Figure 31. The resonance forms of TAPPH2+2 hyperporphyrin.

A3PyP is the porphyrin that has been proposed to give rise to D type
hyperporphyrin.

33

As shown in Fig. 32, after being protonated, not only can the two

cis aminophenyl groups undergo resonance with the internal pyrrolic N-H, but the
third aminophenyl group can have resonance interaction with pyridinium.
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Figure 32. The resonance forms of A3PyPH3+3 hyperporphyrin.

Evidence in the 1D and 2D proton NMR spectra of A3PyPH3+3 support the idea
of a type D hyperporphyrin form. As with TAPP, the coexistence of both free base
and protonated porphyrin in the same spectrum indicate slow exchange between the
two states. More importantly, the splitting of the phenyl and amino groups into two
signals implies that among the three aminophenyls, two different types were formed,
which has been explained earlier as due to the cis and trans orientations of the
aminophenyl groups to the pyridyl group. This is an unique feature for A3PyP, not
possible in TAPP hyperporphyrin. In TAPP, any two cis aminophenyl groups out of
four could interact with the internal nitrogens, and any structural changes required to
move between different resonance forms much be so rapid that it is impossible to
differentiate the aminophenyl groups from the iminium groups, i.e., all aminophenyls
appear equivalent in the NMR spectrum. In A3PyP, however, when two cis
aminophenyl groups interact with the internal nitrogens, the remaining one also
interacts with pyridinium. Because of the requirement for a cis orientation for the type
D resonance, two of the aminophenyls can interact with the pyridinium and one
cannot.
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N

Pyridyl
8.16/9.07
(TPyP)

Aminophenyl
7.00/7.85
(TAPP)

8.92/9.41
(TPyPH4+4)
9.05/9.34
(TPyPH6+6)

8.01/8.75
(TAPPH6+6)

7.25/8.34
(TAPPH2+2)
A3PyPH3+3

8.67/9.27

A3PyPH3+3

7.23/8.29
7.29/8.42

Table 5. The pyridyl and aminophenyl proton chemical shifts compared to standards
(TPyP and TAPP).

Examining the chemical shifts is more useful to detect evidence for the type D
hyperporphyrin (Table 5). While the shifts of pyridyl protons in free base TPyP
(8.16/9.07) and A3PyP (8.24/9.03) are comparable, their shifts (8.92/9.41 and
8.67/9.27) in partially protonated hyperporphyrin forms are significantly different.
This indicates that a special more electron-rich form of pyridine is present, for which
the dihydropyridine structure of type D would be plausible. The 2D NOESY of
A3PyP hyperporphyrin further supports the structure by showing that the adjacent
hydrogens on the hyperporphyrin interact more vigorously, in particular the pyrrole β
hydrogens with the pyridyl-3 and phenyl-m hydrogens. This phenomenon could result
from the increased planarity of the meso substituents with the macrocycle.
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Chapter 5.

Electrochemical Study of Protonated Aminophenyl/Pyridyl

Porphyrins

Keeping track of the protonation states is very important in studying
electrochemistry of acidified aminophenyl/pyridyl porphyrins. In order to achieve this
goal, thin-layer cell for spectroscopy is still needed here. Since the porphyrins studied
here are typically protonated, this chapter will focus on reduction reactions only. The
changes of porphyrin structures towards hyperporphyrin upon protonation could
complicate the cyclic voltammograms. Scanning different potential ranges through
several cycles was adopted here to help clarify that.

5.1 Cyclic voltammetry of protonated aminophenyl/pyridylporphyrins

TPP.

The basic porphyrin, TPP, has been studied elsewhere

54

and is mentioned

here to provide the knowledge of shifts of redox potentials under acidification (Fig.
33). In TPP, the two internal nitrogens can accept protons and the protonation can
result in the formation of TPPH2+2. The free base TPP has two reduction peak
potentials at -1.16 and -1.33 V, which are the 1st and 2nd reductions of the π system
respectively. As acid is added, the reduction peak potential at -0.30 V, which can be
assigned as the reduction of TPPH2+2, starts to grow while the reduction potential at
-1.33 V disappears. With the continued titration of acid, two new reduction waves at
-0.66 and -1.18 V also show up. The reduction wave at -0.66 V was designated as the
reduction of the singly protonated porphyrin (TPPH+), while the wave at -1.18 V was
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assigned as the reduction of the free base porphyrin produced from the chemical
reaction after the first electron transfer. 54

Figure 33. Cyclic voltammograms of protonating TPP (from TPP to TPPH2+2). 54

TAPP.

As described earlier, the decrease of the Soret band from 439 to 390 nm, the

development of a new Soret band at 467 nm, and a huge new absorption at 805 nm all
indicate the formation of hyperporphyrin TAPPH2+2, which arises from the charge
transfer between the protonated internal nitrogens and aminophenyl groups (Fig. 34).
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Figure 34. UV-vis spectroscopy of TAPP from free base to hyperporphyrin
(TAPPH2+2).

In the cyclic voltammetry of protonated TAPP (Fig. 35), the free base CV is
characterized by two reversible redox waves at -1.17/-1.09 V and -1.58/-1.50 V. It has
been

explained

that

these

two

redox

potentials

are

attributed

to

the

reduction/oxidations on the internal π system. 54 For intermediate stage of protonation
between free base and hyperporphyrin, the cyclic voltammograms scanning between 0
and -2 V all look similar to the free base CV. The new peaks due to reduction of
hyperporphyrin are weak and difficult to see if the full range is scanned. Only at the
completion of the titration (bottom, red CV in Fig. 35) are the new peaks clearly
visible.
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Figure 35. Cyclic voltammetry of TAPP from free base to hyperporphyrin TAPPH2+2.
(color coordinated with Fig. 34).
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(Ⅰ)

(Ⅱ)

Figure 36. Cyclic voltammetry scanning different potential ranges in protonated
TAPP. (Ⅰ: protonated TAPP between free base and hyperporphyrin; Ⅱ:
hyperporphyrin TAPPH2+2).

Figure 36 illustrates that scans over smaller ranges generate different CVs. For the
partial titration that includes both free base and hyperporphyrin, partial CV scans are
shown in Fig. 36 (Ⅰ). In scanning between 0 and -0.91 V, two reduction waves at -0.49
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and -0.77 V can be found. While the wave at -0.77 V has a quasi-reversible oxidation
wave at -0.56 V, the wave at -0.49 V doesn’t show a corresponding oxidation wave. In
a wider scan to -1.42 V, the reduction wave at -0.49 V is very small and completely
disappears after the scan extends to -1.7 V.
When TAPP is fully converted into hyperporphyrin (Fig. 35 (e)), scanning different
ranges generate quite different curves (Fig. 36). In the scans from 0 to -1.3 V, three
reversible reduction/oxidations can be located. The reductions at -0.50 and -0.66 V
have been discussed before on electrochemical studies of protonated TAPP.
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In that

study, it was validated that the two reductions at -0.50 and -0.66 V are not caused by
two species interconversion. Moreover, these two reduction waves disappeared for
CuTAPP, thus they could be assigned to the inner ring protonated porphyrin species.
These two reductions at -0.50 V and -0.66 V are assigned to the reductions of +2→+1
and +1→0, the reductions at -1.15 can be assigned as the reduction of the porphyrin to
-1. Further scanning from 0 to -1.8 V gives another reduction wave at -1.75 V and can
be assigned as the second reduction of the porphyrin. Meanwhile, it is noteworthy that
the reduction wave at -0.50 V decreases significantly upon repeated scans. A
reasonable explanation for this phenomenon is the decomposition of the new species.
The hyperporphyrin apparently decomposes slowly upon reduction, especially when
reduction is carried to more negative potentials.
A3PyP.

In the spectroscopy, the protonation of A3PyP towards hyperporphyrin can

be described as the Soret band decreasing from 436 to 405 nm, another Soret band
increasing at 481 nm, and a huge absorption increasing at 778 nm (Fig. 37).
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Figure 37. UV-vis spectroscopy of A3PyP from free base to hyperporphyrin
(A3PyPH3+3).

In the cyclic voltammetry of protonated A3PyP (Fig. 38 (a)), there are also two
reductions of the π systems at -1.09 and -1.51 V as in TAPP. Moreover, the
introduction of pyridyl group brings in one more reduction at -1.75 V with a
quasi-reversible oxidation wave at -1.64 V. There are two extra oxidation waves on
the return scan at -0.78 and -0.32 V that cannot be assigned. For the stage of titration
between free base and hyperporphyrin, the reduction potentials from the free base
species keep moving to less negative values. A new reduction wave at -0.32 V arises
with the formation of hyperporphyrin. At the stage where only hyperporphyrins exist,
the reduction waves can be located at -0.41 and -1.46 V with two oxidation waves at
-0.38 and 0.18 V.
86

Figure 38. Cyclic voltammetry of A3PyP from free base to hyperporphyrin
A3PyPH3+3 (color coordinated with Fig. 37).
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More informative data can be achieved by scanning over smaller ranges (Fig. 39).
When A3PyP is partially protonated to hyperporphyrin (Fig. 39 (Ⅰ)), the reduction
potentials come from both free base and hyperporphyrin. In scanning from 0 to -0.6 V,
the reduction of hyperporphyrin at -0.43 V has a reversible oxidation at -0.35 V.
Extensions of the scan to -0.9 V or -1.25 V produce extra oxidation waves on the
reverse scan at -0.20 V and -0.51 V. In wider scan range to -2.0 V, an additional
reduction wave at -1.70 V is assigned to the pyridyl group, and leads to two extra
oxidations at -0.75 V and -0.28 V on the reverse scan.
In the smaller range scanning of hyperporphyrin (Fig. 39 (Ⅱ)), five reductions can
be traced, with the reduction peak potentials at -0.40, -0.80, -0.98, -1.28, and -1.50 V
Similar to TAPP, these five reduction potentials can also be assigned to 1st, 2nd, 3rd,
4th, 5th e- reductions, from A3PyPH3+3 to A3PyPH3-2. However, it is worth noting that
the initial reduction wave of A3PyPH3+3 (at -0.40 V) doesn’t change between the
cycles, indicating that the hyperporphyrin doesn’t decompose, unlike that from TAPP.
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(Ⅰ)

(Ⅱ)

Figure 39. Cyclic voltammetry of scanning different potential ranges in protonated
A3PyP (Ⅰ: protonated A3PyP between free base and hyperporphyrin; Ⅱ:
hyperporphyrin A3PyPH3+3).

The reduction at -0.40 V was investigated further, in part because it was speculated
to generate hydrogen. An investigation was performed using different scan rates to
scan this range (0 to -0.7 V) (Fig. 40). The correlation of current and scan rate can be
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described by Eq (1): 77

ip = (2.99 ×105 )n(αnα )1/2 ACD1/2υ1/2

(1)

where ip is peak current, n is the number of electrons, A the electrode area (in cm2), C
the concentration (in mol/cm3), D the diffusion coefficient (in cm2/s),
(in V/s), α

υ

the scan rate

is the transfer coefficient, and na is the number of electrons involved in

the charge-transfer step. Therefore, the peak current should be proportional to square
root of scan rate. By plotting the correlation between the two parameters (Fig. 41), we
can see on the reduction side, the linear correlation is well maintained. However, on
the oxidation side, under the lower scan rate, the current drops starting at 100 mV/s.
The reduced species from -0.40 V depletes more and more at lower scan rate. This
could be a typical EC process where at higher scan rate, no reduced species have time
to chemically react. When the scan rate is low enough to allow chemical reaction, the
species is depleted before it can reoxidized.

(Ⅰ)
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(Ⅱ)

Figure 40. Reduction of A3PyPH3+3 hyperporphyrin at different scan rates from 0 to
-0.7 V (Ⅰ) Stacked CV; (Ⅱ) CV aligned based on the scan rates.
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Figure 41. Correlation of current with scan rate using data from Fig. 40.

cis-A2Py2P & trans-A2Py2P.

cis-A2Py2P and trans-A2Py2P are both discussed here

considering their structural similarities. In the spectroscopy of cis-A2Py2P and
trans-A2Py2P, the Soret band at 422 nm decreases to 420 nm in cis-A2Py2P while the
Soret band at 420 nm increases to 421 nm in trans-A2Py2P. The two compounds both
have another Soret peak increasing and a new absorption in the hyperporphyrin range
(Fig. 42 and 45).
The cyclic voltammetry of both cis-A2Py2P and trans-A2Py2P in the form of free
base each have three reduction potentials at -1.02, -1.42, and -1.70 V and at -0.99,
-1.42, and -1.67 V. These are assigned to two reductions of the porphyrin π system
and reduction of the pyridyl group. Two oxidation potentials on the reverse scans that
cannot be assigned also appear. When the acid is titrated into the solution, the partially
protonated forms involve potentials at -0.97/-0.72 V and -1.18 V. In the
hyperporphyrins, the reduction potentials move to -0.74/-1.35 V and -1.42 V.
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For smaller range scannings, the free base and the partially protonated porphyrins
are studied here. In the free base both cis-A2Py2P and trans-A2Py2P, the reductions
of the porphyrin π system and the pyridyl group could still be found. Interestingly,
one reduction wave at -0.79 V drops when the porphyrin starts to be reduced in
cis-A2Py2P, which couldn’t be explained so far. The oxidation waves at -0.72/-0.22 V
in cis-A2Py2P and -0.65/-0.19 V are also still under study. As for the intermediate
between free base and hyperporphyrin, in cis-A2Py2P there are two reduction waves
at 0.97 and -0.7 V. The -0.70 V wave could be the reduction of hyperporphyrin formed
from protonated cis-A2Py2P. In trans-A2Py2P, no new reduction wave showed up.
This could be due to in cis-A2Py2P, a C type hyperporphyrin could form which is
more stable than B type hyperporphyrin from trans-A2Py2P.

Figure 42. UV-vis spectroscopy of cis-A2Py2P from free base to hyperporphyrin
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(cis-A2Py2PH4+4).

Figure 43. Cyclic voltammetry of cis-A2Py2P from free base to hyperporphyrin
cis-A2Py2PH4+4 (color coordinated with Fig. 42).
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(Ⅰ)

(Ⅱ)

Figure 44. Cyclic voltammetry scanning different potential ranges in protonated
cis-A2Py2P (Ⅰ: free base cis-A2Py2P; Ⅱ: cis-A2Py2P between free base and
hyperporphyrin).
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Figure 45. UV-vis spectroscopy of trans-A2Py2P from free base to hyperporphyrin
(trans-A2Py2PH4+4).
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Figure 46. Cyclic voltammetry of trans-A2Py2P from free base to hyperporphyrin
trans-A2Py2PH4+4 (color coordinated with Fig. 45).

(Ⅰ)
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(Ⅱ)

Figure 47. Cyclic voltammetry scanning different potential ranges in protonated
trans-A2Py2P (Ⅰ: free base trans-A2Py2P; Ⅱ: trans-A2Py2P between free base and
hyperporphyrin).

5.2 Comparison of reduction potentials in different protonation states

Table 6 summarizes the reduction potentials of the aminophenyl/pyridyl
porphyrins in each state (free base, hyperporphyrin). These features will be further
discussed in the following section.
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P

P

PH2

PH2

PH2

PH2

PH2

Py

0→-1

-1→-2

+3→+2

+2→+1

+1→0

0→-1

-1→-2

0→-1

-1.33

-1.15

-1.75

TPP

-1.16

TPPH2+2

-1.16

TAPP

-1.17

-0.30
-1.58

TAPPH2+2
A3PyP

-0.50
-1.09

-1.51

-1.02

-1.42

A3PyPH3+3
cis-A2Py2P
trans-A2Py2P
trans-A2Py2PH4+4

-1.75
-0.40

cis-A2Py2PH4+4

-1.35
-0.99

-0.66

-0.80

-0.98

-1.28

-1.50
-1.70

-0.74

-1.42

-1.67

-1.42

Table 6. The reduction potentials of aminophenyl/pyridyl porphyrins in each
protonation state.

The shift of porphyrin reduction potentials under protonation can be explained by
both structure changes and charge distribution. TPP, as one of the well studied
compounds in this field, has been discussed before.
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The reduction of porphyrins

mainly happens on the LUMO level (eg). The easier reduction of protonated TPP
compared to free base TPP indicates the stabilization of the eg orbital, which could be
affected by acidification in two repects. First, a saddled conformation of TPP could
be formed upon the addition of protons, which decreases the conjugation of the
macrocycle and the interaction between eg and a2u, a1u repectively. 75 Also, the electron
density of the π system shifting from the macrocycle to the protonated nitrogen in the
porphyrin-acid adducts can lead to easier reduction of the π system. 7
When aminophenyl/pyridyl porphyrins are considered, their reduction potential
shifts could also be explained in such manner even though hyperporphyrin effects are
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involved. TAPP, as has been elucidated before, could delocalize the positive charges
to aminophenyl substituents from the protonated internal nitrogens, therefore
generating hyperporphyrin effect. The formation of the hyperporphyrin destroys the
conjugated structure of the macrocycle, stabilizing the eg orbital, thus also making the
reductions easier. Moreover, the positive charges are delocalized to aminophenyl
groups and make aminophenyl groups electron-withdrawing. The charge distribution
of the π system is therefore decreased.
cis-A2Py2P and trans-A2Py2P, contrary to TAPP, don’t show easier reduction
potentials. This can be attributed to the fast exchange between hyperporphyrin and
free base porphyrins. With aminophenyl as the substituents, both cis-A2Py2P and
trans-A2Py2P can form hyperporphyrins upon acidification. While cis-A2Py2P can do
type C hyperporphyrin, trans-A2Py2P can do only type B hyperporphyrin. However,
the hyperporphyrins in these two cases are not stable. Instead they undergo fast
exchange, which can be seen from the proton NMR spectra.
At hyperporphyrin stage, both A3PyP and TAPP are observed to have several
reduction waves. We speculate that they can both be reduced all the way to -2 charges.
In both compounds, several iminium structures form in the hyperporphyrins. The
reduction first happens to these iminiums. Reduction of A3PyPH3+3 by two electrons
generates a reduced dihydroporphyrin that still has the possibility of Type D
resonance interactions with pyridinium (Scheme 4). This reduced pyridinium form
can react with H+ to generate hydrogen in a catalytic cycle that regenerates the
original hyperporphyrin.
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It was considered that a persistent peak at -0.24 V in the reverse oxidative waves
from the A3PyPH3+3 reduction might have been due to the oxidation of hydrogen. A
brief attempt to detect the presence of hydrogen was made. Cyclic voltammetry was
run after purging H2 into DMSO containing electrolyte. However, because the
solubility of H2 is low in DMSO, it was hard to differentiate the oxidation peak of
hydrogen from the noise.

(Ⅰ)

(Ⅱ)

Scheme 4. Possible mechanism of the reduction of A3PyP hyperporphyrin and
catalytic generation of hydrogen
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Chapter 6.

The

Conclusions

primary

novel

conclusion

of

this

5,10,15-tri(4-aminophenyl)-20-(4-pyridyl)porphyrin

dissertation
(A3PyP)

research
was

is

proposed

that
to

undergo charge delocalizations to produce a novel D-type hyperporphyrin when
protonated in DMSO. This new type of hyperporphyrin has also been proposed to
have the ability to reduce protons into hydrogen.
In Chapter 3, spectroscopy studies on a series of aminophenyl/pyridyl porphyrins
revealed that the sequence of protonating pyridyl or pyrrole nitrogens can be
modulated by aminophenyl groups. The titration of TPyP, Zn-TPyP and TMPyP+4
all led to the conclusion that the protonation of peripheral pyridyl groups is prior to
the inner pyrrole nitrogens. When aminophenyl groups are involved, they are always
the last to protonate, considering they turn into ammonium ion after resonance and
protonating them would decrease the resonance stabilization. The basicity of internal
pyrrole nitrogens increases with multiple aminophenyl groups as the substituents.
Therefore, the sequence of protonation of pyridyl and pyrrole nitrogen in
trans-A2Py2P, cis-A2Py2P and A3PyP cannot be distinguished.
To generate hyperporphyrin effect, aminophenyl groups need to be present. The
number of aminophenyl groups determines the type of hyperporphyrins that can form.
A type spectrum refers to the normal porphyrin spectrum, in which no interaction
happens between the substituents and the porphyrin ring. B type spectrum can be seen
in APy3P and trans-A2Py2P, which has been defined as one aminophenyl substituent
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interacting with the porphyrin ring. C type spectrum has the porphyrin ring
delocalizing charges to two aminophenyl substituents and happens with cis-A2Py2P,
A3PyP, and TAPP. All of these hyperporphyrin spectra are characterized by a strong
far red absorption band over 700 nm and splitting of the Soret band. More
aminophenyl groups result in more intense hyperporphyrin absorption and greater red
shifts.
The D type hyperporphyrin arises from the protonation of A3PyP. The alignment of
the three aminophenyl groups allows for two different cis orientations to form C type
hyperporphyrin. Yet one aminophenyl group is still left. This aminophenyl group is
proposed to donate electrons to the pyridinium group from the protonation of pyridyl
group, generating a novel structure in which all the meso groups are interacting with
the porphyrin ring, which was indicated by the remarkably strong hyperporphyrin
absorption.
Chapter 4 focused on the NMR studies of these hyperporphyrins and more
structural information was obtained. The NMR spectra of porphyrins are generally
determined by the large π system ring current of the macrocycles and the inductive
effect of the peripheral groups. The different NMR shifts between APy3P, cis-A2Py2P,
and A3PyP/TAPP can be attributed to the protonation sequence of the meso
substituents. Pyridyl groups protonated into pyridinium first in APy3P and cis-A2Py2P
leading to the inductive effect, which is an electron-withdrawing effect dominating
the NMR shift.
The formation of hyperporphyrins in A3PyP and TAPP leads to more coplanar
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conformations of the macrocycles, therefore has the feature of loss of the conjugation
structure. The conclusion that slow exchanges occur in A3PyP and TAPP from free
base to hyperporphyrin can also be drawn from their NMR spectra, which show the
presence of both species at the same time. In A3PyPH3+3, two types of aminophenyls
in 2:1 ratio have been noted. The pyridyl group in A3PyPH3+3 was also observed to
have chemical shifts significantly less downfield compared to pyridinium. The D type
hyperporphyrin can be validated based on these observations. The 2D NOESY NMR
showed significantly strong interactions between nearby protons, suggesting greater
coplanarity between the meso substituents and the porphyrin macrocycle.
In Chapter 5, the hyperporphyrins were investigated by cyclic voltammetry. The
reduction of hyperporphyrins from A3PyP and TAPP occur at less negative potentials
than their free bases. It was concluded that the charge transfer from the inner ring to
aminophenyl groups lowers the LUMO energy level. More importantly, these two
hyperporphyrins can go through several one electron reductions. The reductions in
both cases start with the peripheral aminophenyl groups that carry positive charges,
followed by the reduction of the porphyrin ring itself. The hyperporphyrin from
TAPP decomposed when the porphyrin ring was reduced. A3PyPH3+3 hyperporphyrin,
on the contrary, was stable throughout the reduction.
A3PyP hyperporphyrin was also proposed to catalyze hydrogen evolution in the
reduced form. The porphyrin was protonated and a C type hyperporphyrin was
generated first. The reductions of the iminium substituents induce the interaction
between pyridinium and the remaining aminophenyl group (Fig. 48), producing a
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reduced porphyrin with a dihydropyridine substituent which is a good candidate for
donating hydride. Hydrogen can be produced from hydride bonding with a proton.

Figure 48. The structure of reduced D type hyperporphyrin (A3PyPH3+).

Pyridine has been known as a good reagent in reducing CO2.

59, 62

Its role in

hydrogen evolution is yet to be explored. Meanwhile, various porphyrins have been
used in hydrogen evolution, but they either are metalloporphyrins with the metals as
the catalytic center or function as a photosensitizer.

78-81

Our study here shows

promising applications of both porphyrin and pyridyl groups in hydrogen evolution.
By properly tuning the meso substituents, the pyridyl porphyrin could be used as both
the photosensitizer and the catalyst.
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Figure 49. Proposed structure of A3PyP polymer as catalyst.

Aminophenyl porphyrin polymers are good photosensitizers as well as good
electron donors which have been applied in inverse dye-sensitized solar cells.

82
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Polymers of TAPP that also include pyridyl groups (Fig. 49) would be an interesting
possibility for further study. Upon excitation from a light source, the polymers should
be able to donate electrons to the D type hyperporphyrin, analogous to the
electroreductions we have observed. In addition, covalent bonding of aminophenyl
groups between the TAPP polymer and pyridyl porphyrin can form a phenazine
linkage to increase the electron transfer efficiency. New ways of detecting hydrogen
gas such as gas chromatography 83 will also be studied.
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